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Abstract 
 
Conducting composite electrodes are versatile devices for biomedical applications 
showing good biocompatibility, low cost, ease of construction. They can be bulk 
modified with stabilised enzymes to make biosensors and electrodes for biofuel cells. 
Low sensitivity to flow conditions arises from the microelectrode array like behaviour 
but this is accompanied by high capacitance and bulk resistance which can blur the 
voltammetric detail. 
 
We have undertaken a systematic investigation of the effects of composition and 
formulation on the voltammetric behaviour and non-faradaic properties.  Monodisperse 
glassy carbon spherical powders have been used to simplify the modelling and the 
relative importance of the patterns of surface conductivity and bulk 3-D connectivity 
has been investigated. Three dimensional numerical models based on percolation theory 
have been constructed which allow calculation of the distributed resistances in the 
composite and which enable qualitative prediction of the voltammetric properties. 
 
Voltammetric results showed a bias of E1/2 (half-wave potential) and an unstable il 
(diffusion limiting current) for conducting composite electrodes. A.C. Impedance 
showed major changes of Rct (charge transfer resistance) and Cd (double layer 
capacitance) as the electrodes’ ratio and thickness are varied. Comparison with carbon 
fibre arrays separates the effects of a distributed interface from three dimensional 
disparities in the conductance.  Key findings are: the distributed resistance in electrodes 
results in bias for E1/2 and the overlap of diffusion layers on electrode surface leads to 
an uneven il. 
 
Numerical results have shown that the bias of E1/2 and il are in good agreement with 
experimental works. Different geometric configuration allows the investigation of 
diffusion layer difference caused by electrode array location and different internal 
resistance. 
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Chapter 1. Introduction 
 
 
 
A discovery is said to be an accident meeting a prepared mind. - Albert Szent-Gyorgyi  
 
 
 
1.1. Aims of the Thesis 
 
The aim of this thesis is to report on a fundamental understanding of carbon 
composite electrodes viz.: aspects of their structure, conductivity and how these effect 
the electrochemical reactions. Specific goals are: 
 
 Establish a numerical model incorporating the resistance of composite 
electrodes and the electrochemical reactions on the electrodes; 
 Study the physical model of fibre array electrode; 
 Investigate the properties of glassy carbon – epoxy composite electrodes. 
 
 
1.2. Electrochemical Sensing 
 
Electrochemistry is a branch of chemistry that studies chemical reactions which take 
place at the interface of an electron conductor (the electrode composed of metal or 
semiconductor) and ionic conductor (the electrolyte) and which involve electron 
transfer between the electrode and the electrolyte. 
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If a chemical reaction is caused by an external voltage, as in electrolysis, or if a 
voltage is caused by a chemical reaction, as in a battery, it is an electrochemical 
reaction. Chemical reactions where electrons are transferred between atoms are called 
oxidation/reduction (redox) reactions. In general, electrochemistry deals with situations 
where oxidation and reduction reactions are separated in space, connected by an 
external electric circuit. 
 
The development of electrodes is a major section in electrochemistry. New materials 
and novel fabrication techniques drive the electrochemical sensors from pure metal to 
composite materials, from macro to micro and from single electrode to electrode arrays. 
These improvements enable wider detection range, lower detection limit, faster 
detection speed and in vivo experiments.  
 
 
1.3. Theoretical Foundations  
 
1.3.1. Ion Activities  
 
There is no really satisfactory theory to predict ion activities. The most widely used 
equation is the Debye-Huckel limiting law, which states that the mean activity 
coeffieient γ± of an electrolyte is related to the ionic strength of the solution (I) by 
2
1
)log( IzzA −+± −=γ  (1.1) 
z+ is the charge on the cation and z- is the charge on the anion. The constant A depends 
on the solvent and the temperature. 
 
1.3.2. The Distribution of Ions 
 
Consider the potential Φ at some point in the solution. The numbers of positive and 
negative ions at that point will be given by the Boltzmann distribution 
)/exp(0 kTezNN φ+++ −=  (1.2) 
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)/exp(0 kTezNN φ−−− −=  (1.3) 
N
0
+ and N
0
- is the number of positive and negative ions overall in the solution per cubic 
metre, e is the charge on an electron and k is the Boltzmann constant.  
 
The electrical charge density, ρ, is the concentration of excess positive or negative 
ions times the charge per ion 
ezNezN −−++ −=ρ  (1.4) 
For a common case of a 1:1 electrolyte, z+ = z- = z and N
0
+ = N
0
- = N
0
. 
)/sinh(2)]/exp()/[exp( 00 kTzezeNkTzekTzezeN φφφρ =+−−=  (1.5) 
If we define  
kTze /φθ =  (1.6) 
θ tells the relative merits of the energy of interaction between ions (zeΦ) and the 
disrupting thermal energy kT. If θ < 1, the thermal energies are more important; if θ > 1, 
then the ion interactions are more important. 
 
The Debye radius is defined as 
2
1
022
0 )2/( NzekTrD εε=  (1.7) 
ε is the relative permittivity and ε0 is the permittivity of a vacuum. 
 
The Debye radius (rD), or the Debye length (xD), is important because it is the 
distance over which significant charge separation can occur. For a 1:1 salt with z = 1, 
the Debye length of a 1 mol dm
-3
 solution is about 0.5 nm; and it is about 10 nm for a 1 
mmol dm
-3
 solution. 
 
For a solid phase such as epoxy resin, which has a permittivity of 3.7 to 3.9, the 
distance for significant charge separation is also less then 1 nm. An alternative way to 
calculate the electric field in solid is to use conductivity. Again, the resistivity (ρ) of 
epoxy resin is around 10
12
 to 10
14
 Ω m. That means the resistance over a 20 µm
2
, 1 nm 
thick layer would be 3 × 10
12
 Ω to 3 × 10
14
 Ω. 
l
AR ⋅
=ρ  (1.8) 
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 Another important term in electrostatics is the Bjerrum length, λB, which is the 
separation at which the electrostatic interaction between two elementary charges is 
comparable in magnitude to the thermal energy scale, kBT. 
Tk
e
Br
B επε
λ
0
2
4
=  (1.9) 
where e is the elementary charge; ε0 is the vacuum permittivity; εr is the relative 
dielectric constant of the medium; kB is the Boltzmann constant and T is the absolute 
temperature in Kelvin. 
 
1.3.3. Percolation Theory [1] 
 
Percolation theory has been widely used in many fields including materials science [2] 
[3] [4] and other domains. In mathematics, percolation theory describes the behaviour 
of connected clusters in a random graph. Imagine a large array of squares which is large 
enough so that any effects from its boundaries are negligible (figure 1.1 (a)). A certain 
fraction of squares are filled while the others are left empty (figure 1.1 (b)). A cluster is 
defined as a group of neighbouring squares which were occupied (figure 1.1 (c)). 
Percolation theory was used to study the number and properties of these clusters.  
 
 
Fig. 1.1. Definition of percolation and clusters: (a) parts of a square lattice; (b) some squares are 
occupied and (c) clusters. 
 
When each square is filled randomly with the probability p independent of its 
neighbours, it does not necessarily mean the fraction of total occupied cites would be p. 
(a) (b) (c) 
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However, this fraction will come closer to p when the number of the squares comes 
closer to infinite. When the probability p increases, the clusters become bigger and 
merge with each other. The concentration pc where for the first time a percolating 
cluster is formed was defined as percolation threshold. In another word, pc is the 
concentration when the first pathway was formed. 
 
Conducting composite materials [5] [6] and some of the film coatings [7] [8] [9] have 
the property of random resistor networks. Instead of working with each resistor and 
insulator which becomes very difficult for a large lattice, one can study the mixture of 
resistors using percolation theory [10] [11] [12] [13] [14] [15] [16].  
 
1.3.4. Random Packing 
 
Random packing of homogeneous and heterogeneous disks in 2-D [17] [18] [19] and 
spheres in 3-D [20] has been an interesting problem for years, not only for its 
mathematical propose but also for its applications in materials science and other fields. 
The 2-D random packing has been successfully solved by Xu et al. [19]. But the study 
of 3-D random packing of heterogeneous spheres was halted by limited processing 
power. Instead, many structures have been studied for 3-D sphere packing such as face-
centred cubic lattice, body-centred cubic lattice, hexagonal lattice, etc. Among all these 
way of packing, cubic close packing and hexagonal close packing both give the biggest 
density which is 
23
π
 = 0.7405.  
 
In order for a current to flow though the conducting particles, the particles have to be 
touching or at least within the tunnelling distance (< 2 nm). Many percolation models 
were developed to study the packing of specific materials including polymer and 
carbon black [21] [22] [23] [24]. One model developed by Wessling and co-workers is 
called “the dynamic boundary model”. The work showed that if the particles are close 
enough, when the distance between the particles surfaces is equal or less then 10 nm 
[25], the compression forces between the particles would break part of the insulating 
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layer around the particles. And these particles would migrate towards each other until 
they are in electrical contact. Figure 1.2 shows the schematic of such process. 
 
 
Fig. 1.2. Migration of conducting particles in polymer surroundings. 
 
As we know from the conductivity, the potential drop over a layer of 10 nm epoxy 
resin would be sufficient enough for us to consider it as completely insulation. Thus the 
migration of particles would be the only way to form a conducting pathway. 
 
1.3.5. Electrochemical Techniques  
 
1.3.5.1. Cyclic Voltammetry 
 
Cyclic voltammetry (CV) is a very popular technique for initial electrochemical 
studies of new systems and has proven very useful in obtaining information on fairly 
complicated electrode reactions [26]. It can be used to find information such as the 
oxidation/reduction potential, the numbers of electrons transferred, involvement of 
preceding or following chemical reactions, the number of redox active materials, the 
diffusion coefficient for a reactant and the kinetic information.  
 
Cyclic voltammetry has been referred to as "electrochemical spectroscopy" [27] 
where voltage is scanned rather than scanning wavelengths. The waveform that is used 
for cyclic voltammetry is shown in figure 1.3. We can vary the starting potential, 
maximum potential, minimum potential and the potential scan rate (ν). We can also 
choose to start the scan in either a positive or negative direction. 
 
Particles 
Polymer Layer 
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Fig. 1.3. Potential perturbation of a cyclic voltammetry. 
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Fig. 1.4. Current response of cyclic voltammetry from (a) macroelectrode and (b) microelectrode. 
 
For a simple electron transfer, Ox + e →  Red, the current may be controlled by either 
one of two processes: the rate of electron transfer and the rate of diffusion of the 
reactant to the electrode. When the rate of electron transfer is much larger than the rate 
of diffusion of the reactant (figure 1.4 (a)), the reactant is consumed faster than it can 
be supplied to the electrode and the concentration of reactant at the electrode surface is 
less than in the bulk. Diffusion occurs according to Fick's First Law and the current is 
given by 
AinFJj /==  (1.10) 
where j is current density, in A cm
-2
; n is the number of electrons transferred; F is 
Faraday’s constant (96485.3 C mol
-1
); J is the flux of material to the surface, in mol cm
-
2
 s
-1
; and A is electrode area, in cm
2
. 
 
For a reversible reaction, the basic shape of the current response for a cyclic 
voltammetry experiment is shown in figure 1.4.  
 
Time 
Potential 
A 
C 
Epc 
Epa 
ipa 
ipc 
B 
D 
E1/2 
E3/4 E1/4 
id 
id/2 
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At the start of the experiment, the bulk solution contains only the oxidised form of 
the redox couples, Ox. At the initial potential, there is no net conversion of Ox into Red, 
the reduced form (point A). As the potential approaches the formal redox potential, 
there is a net catholic current which increases exponentially with potential. As Ox is 
converted into Red, concentration gradients are set up for both Red and Ox, diffusion 
occurs down these concentration gradients. 
dx
dc
D
nFA
i
J −==  (1.11) 
where dc = CR (bulk) – CR (surface) 
 
At the anodic peak (point B), the potential is sufficiently negative that any Ox that 
reaches the electrode surface is instantaneously reduced to Red (CO surface equals to 
zero). Therefore, the current now depends upon the rate of mass transfer to the 
electrode surface. As the potential increases, dc is at its maximum value but diffusion 
layer thickness continues to grow (dx gets larger). According to Fick’s first law, the 
current decays with a rate of t
-1/2
.  
 
Upon reversal of the scan (point C), the current continues to increase until the 
potential nears the formal oxidation potential. At this point, a net reduction of Red to 
Ox occurs which causes an anodic current which eventually produces a peak shaped 
response (point D). 
 
The Randle Sevčik equation for the peak current of a reversible reaction is:  
2/1*2/15 )1069.2( νCnADi p ×=  (1.12) 
where n is the stoichiometric number of electrons involved in the reaction; A is the area 
of the electrode, in cm
2
; D is the diffusion coefficient, in cm
2
 s
-1
; C* is the bulk 
concentration, in mol cm
-3
; ν is the scan rate, in V s
-1
. 
 
 The constant 2.69 × 10
5
 is calculated at room temperature, 25 °C or 298.15 K. For 
other temperatures, the constant scales with T 
-1/2
. 
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For a certain electrochemical system, ip is direct proportional to the square root of 
scan rate. 
 
For a microelectrode (figure 1.4 (b)), because the electrode surface is very small 
compared with the edge, the diffusion of the species is fast enough to constantly 
provide new species to/take away existing species on the electrode surface. Thus, the 
current will stay level after reaching its maximum value [28]. 
 
1.3.5.2. A. C. Impedance 
 
Electrochemical impedance is usually measured by applying an AC potential to an 
electrochemical cell and measuring the current through the cell. Usually a sinusoidal 
potential excitation is applied. The response to this potential is an AC current signal, 
containing the excitation frequency and its harmonics. This current signal can be 
analyzed as a sum of sinusoidal functions (a Fourier series). [29] [30] [31] [32] 
 
There are several equivalent circuits been proposed for an electrochemical cell [33] 
[34] [35] [36]. The most commonly accepted one is the Randles circuit. (figure 1.5) 
 
Fig. 1.5. Randles equivalent circuit for an electrochemical cell. 
 
RΩ is solution resistance, Cd is double layer capacitance; Rct is change transfer 
resistance and W is the Warburg impedance. In the case of a diffusion layer of infinite 
thickness, the Warburg impedance is a constant phase element at low frequency. At 
high frequency, it becomes less important [37]. 
 
 
RΩ 
Cd 
Rct 
ZW 
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a) Low-frequency limit 
 
In low frequency region, the electrochemical reaction is mainly controlled by mass 
transfer.  
As ω → 0,  
dct CRRZZ
2
ReIm 2σ+−−= Ω  (1.13) 
So, the plot of ZIm vs. ZRe should be linear and have unit slope. 
 
 
Fig. 1.6. Impedance plane plot for low frequencies. 
 
The slope of this line, σ, is given by  
 






+=
*2/1*2/122
11
2 ROOO CDCDAFn
RT
σ  (1.14) 
 
The frequency dependence in this region only comes from Warburg impedance, and 
the linear correlation of ZRe and ZIm is a characteristic of diffusion-controlled processes.  
  
An assumption of this circuit is an infinite diffusion layer / electrochemical cell. But 
experimentally, this assumption does not always hold true especially at very low 
frequency. As a result, the line can often be found as a large semicircle because the 
depletion of the species. 
 
 
ZRe 
ZIm 
ZRe=RΩ+Rct-2σ
2
Cd 
Slope=1 
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b) High-frequency limit 
 
At high frequency, the charge transfer resistance, Rct, and the double layer 
capacitance, Cd, are more important than the Warburg impedance. In this region, the 
electrochemical reaction is kinetic-controlled. 
22
Im
2
Re )2/()2/( ctct RZRRZ =+−− Ω  (1.15) 
So, the plot of ZIm vs. ZRe should be a semicircle centred at (RΩ + Rct/2, 0) and have a 
radius of Rct/2. 
 
 
Fig. 1.7. Impedance plane plot for high frequencies. 
 
The imaginary component of this semicircle comes only from Cd. At the point where 
ZRe = RΩ + Rct/2, Cd can be calculated by ω = 1/Rct Cd. 
 
c) Impedance plane plot for actual chemical systems 
 
The actual plot of A.C. Impedance will combine the features of both two limit cases. 
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Fig. 1.8. Impedance plane plot for actual chemical systems. 
 
1.3.6. Charge Transfer Resistance (Rct) and Double Layer Capacitance (Cd) 
 
Change transfer resistance, Rct, can be calculated from  
0Fi
RT
Rct =  (1.16) 
 
Exchange current, i0, can be given by  
αα *)1(*0
0 RO CCFAki
−
=  (1.17) 
 
Substitution of (1.17) into (1.16) gives 
αα *)1(*02
RO
ct
CCAkF
RT
R −=  (1.18) 
 
If the solution containing equal concentration of Ox and Red, where CO
* 
= CR
*
, at the 
half-reaction potential of a reversible system CO
*(1-α)
CR
*α
 equals to half of the initial 
bulk concentration. For a same electrochemical reaction, Rct is inversely proportional to 
A, the conducting area of an electrode surface. 
 
The most popular theories of double layer consist of fixed double layer by Helmholtz 
and Perrin, diffuse double layer by Gouy and Chapman, and the Stern theory. [38] 
 
The fixed double layer theory considers a uniform charge density σ distributed on a 
plane and – σ on a second plane. The potential difference E across the double layer is 
Kinetic Control Mass Transfer Control 
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0/ εεσdE =  (1.19) 
where d is the distance between the two planes, the electrode and the outer Helmholtz 
plane. The capacitance of such a double layer is 
dEC // 0εεσ ==  (1.20) 
Thus, the capacitance should be a constant only depending on d.  
 
The diffuse double layer theory used the similar approach as the Debye-Huckel 
equation, except that the Poisson equation is solved in one dimension only. The 
equation using dimensionless variables is:  
( )θ
χ
θ sinh2
2
=
d
d  (1.21) 
where θ = zeΦ / kT and χ = x / xD. 
 
The solution for it is 
 ( ) ( )χθθ −




= exp
4
tanh
4
tanh 0  (1.22) 
where θ0 = θ when χ = 0. 
 
Here, xD, the Debye length, is often interpreted as the thickness of the double layer, 
but it spreads out further (figure 1.9).  
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Fig. 1.9. The potential of the diffuse double layer near an electrode for different values of the 
potential at OHP. 
 
The differential capacitance in this theory is given by the equation below, with the 
respect to the potential at the electrode and expanding xD. 









=
2
cosh
2~ 0
2
1
0
0 θεε
kT
N
zeC  (1.23) 
 
The fixed double layer theory and the diffuse double layer theory are not always right 
depending on the concentration. The Stern theory is a direct summation of the two 
theories and the capacitance is given by the sum of the two series capacitances. 
GCHP CCC
111
+=  (1.24) 
 
When the concentration increases, the capacitance according to the diffuse layer 
model increases rapidly as the ions are packed together. Thus the reciprocal of CGC 
goes to zero and the capacitance becomes the same for a fixed layer. As the 
concentration decreases, CGC becomes dominate.  
 
On most general electrodes the double layer capacitance, Cd, is typically in the range 
of 10 to 70 µF cm
-2
 [39]. The basal plane of highly ordered pyrolytic graphite (HOPG) 
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has capacitance of less than 1 µF cm
-2
, while the edge plane of HOPG has capacitance 
around 70 µF cm
-2
 [40]. Glassy carbon electrodes and carbon fibres electrodes have a 
typical capacitance of 20 to 50 µF cm
-2
 [40] [41] [42]. For a certain electrode material 
and solution, Cd increases with electrode area, surface roughness, edge planes and 
surface functional groups. 
 
1.3.7. Standard Heterogeneous Rate Constant (k
0
) 
 
Experiments showed that the potential on an electrode strongly affected the kinetics 
of the reactions occurring on its surface [43]. Consider a one-electron transfer reaction 
between species Ox and Red: 
d
k
k
eOx
b
f
Re+  (1.25) 
where kf is the heterogeneous rate constant for reduction (forward); and kb is the 
heterogeneous rate constant for oxidation (backward). Consider the special case in 
which the interface is at equilibrium potential Eeq, 
*
*
'0 ln
R
O
eq
C
C
F
RT
EE +=  (1.26) 
and the solution has a concentration where CO
*
 = CR
*
. In this situation, kf = kb. And the 
formal potential E
0´
 is the potential where the forward and backward rate constants have 
the same value, which is called the standard rate constant, k
0
. 
 
Physically, k
0
 is simply a measure of the kinetic facility of a redox couple. A system 
with a large k
0
 will achieve equilibrium faster. And a system with a small k
0
 will be 
sluggish. Due to its importance in electrochemical reactions, many groups report k
0
 on 
their electrodes and use it as an indicator for the electrode activation. k
0
 can be 
measured using A. C. impedance of cyclic voltammetry experiments [44] [45] [46]. For 
a certain type of electrode in a given solution, k
0
 largely depends on the treatment of the 
electrode [47] [48] [49] [50] [51], although it is not affected by ultrasound [52].  
 
 
1.4. Surface Analysis Techniques  
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1.4.1. Scanning Electron Microscope  
 
It is always valuable to begin the analysis of a surface by obtaining a physical picture 
on a microscopic scale. Scanning electron microscope (SEM) can provide much higher 
resolution than light microscopes. In this device, a finely focused beam of electrons is 
used to scan the surface of a specimen in a rectangular raster. The electron beam 
actually yields a variety of products on interaction with the specimen: reflected or 
backscattered primary electrons, secondary ejected electrons, Auger electrons and X 
rays. All these products can be collected and displayed. However, the most widely used 
product is the secondary electrons. [53] 
 
 
Fig. 1.10. Schematic of electron optics of a scanning electron microscope. (After [53]) 
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1.4.2. Fourier Transform Infrared Spectrometer (FTIR) 
 
Fourier transform methods have gained increasingly important position in absorption 
measurements in the last few decades. The most widely used application is in IR 
spectroscopy. In the common types of Fourier transform absorption spectrometer a two-
beam, variable-pathlength interferometer is used in lieu of the wavelength isolation 
device (figure 1.11).  
 
 
Fig. 1.11. Modular diagram of a Fourier transform spectrometer. (After [53]) 
 
The importance of such spectrometer derives from several design features: 
 
1. All wavelengths are present simultaneously; 
2. Optical beams are ordinarily wide; 
3. Mirror travel is nearly always monitored by a laser. 
 
These features make possible enhancement of the performance, such as faster 
scanning, better resolution and higher precision. [53] 
 
 
1.5. Chemicals 
 
1.5.1. Ru(NH3)6Cl3 
 
The reversible species Ru(NH3)6
2+/3+
 have been characterized and widely used for 
years [54].   
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1. Its diffusion coefficient is well known (9.1 × 10-6 cm2 s-1) [52] [55]; 
2. Its rate constant is fast (about 1 cm s-1) [54]; 
3. It does not adsorb to the electrode surface; 
4. The hydrated radius of the oxidised and reduced form is very similar, which 
means DO ≈ DR; 
5. There is no phase change in this reaction. 
 
These features reduce the experiment to study of the electron transfer and mass 
transport. The reactant only involves a diffusion-electron transfer-diffusion process in 
this system. Ru(NH3)6
2+/3+
 reacts in the following way: 
Ru(NH3)6
3+
 + e ↔ Ru(NH3)6
2+
 (1.27) 
 
 
1.5.2. Glassy Carbon [42] [56] 
 
Glassy carbon, which is often called as “vitreous carbon”, is produced by thermal 
degradation of selected organic polymers, such as resins of furfuryl alcohol, phenol 
formaldehyde, acetone-furfural etc. These precursor materials are cured, carbonized 
very slowly and heated to elevated temperatures (although it is possible to obtain glassy 
carbon at relative low temperatures [57]). The physical properties of glassy carbon are 
dependent on the maximum temperature of the heat treatment. The structure of glassy 
carbon consists of long microfibrils which twist, bend and interlock to form strong 
interfibrillar bonds. And these microfibrils are randomly oriented. X-Ray diffraction 
analysis shows values of about 5 nm for La and 1.5 nm for Lc.  
 
Glassy carbon has low density because its structure contains a significant volume of 
void (about 30 %). But it also has a low permeability due to its structure. Its properties 
of resistance to wet decomposition agents, stability to acid and alkaline melts, good 
electrical conductivity and better kinetics [58] makes glassy carbon a very good 
material for making electrochemical sensors [59] [60] [61] [62] [63] [64], as well as 
other applications in mechanics and electronics.  
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Fig. 1.12. The structure model of glassy carbon. Lc and La represent the average crystallite height 
and diameter respectively. (G. M. Jenkins and K. Kawamura, Polymeric Carbons – Carbon Fibre, 
Glass and Char, Cambridge University Press, 1976, p. 72) 
 
1.5.3. Carbon Fibre [42] [56] 
 
Carbon fibres are obtained by carbonization of the precursor materials which are in 
the form of small diameter fibres. The most common precursor materials been used are 
rayon and polyacrylonitrile (PAN), although other precursors, such as pitch and 
phenolic resins, have been used as well. Generally, the graphitized carbon fibres 
produced from pitch provide better electrical and mechanical properties than the ones 
obtained from hard carbons (such as PAN) at the same temperature. Carbon fibres 
obtained by the pyrolysis of phenolic resin have crystallographic parameters similar to 
those of bulk glassy carbon. Compared to bulk graphite, carbon fibres are superior in 
their Young’s modulus [42]. The structure of carbon fibres varies due to the precursor 
and carbonizes temperature. Nevertheless, their electrochemical properties are very 
similar and they can be used without the need to identify their structure. 
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Fig. 1.13. Commonly encountered carbon fibre cross-sections. (after [56]) 
 
The surface of carbon fibre usually contains some adsorbed materials and oxygen 
complexes, but they can be removed if necessary [65].  
 
 
1.6. Surface Properties of Carbon 
 
The physicochemical properties of carbon are strongly influenced by the surface 
defects [66] [67] and the chemical species/functional group on the surface [68]. Various 
surface groups containing oxygen, hydrogen, nitrogen, sulphur, halogens and other 
elements have been found on carbon surface [69] [70]. These surface groups were 
introduced to carbon during the manufacturing process. And they can be detected using 
a titration method [71] [72] [73] [74] [75] or treatment with plasma [76].  
 
Table 1.1. Types of common surface groups on carbon. 
Surface group Description 
–COOH Strong acid, carboxylic 
–OH Weak acid, phenolic or hydroquinone 
–H Carbon-bound hydrogen 
=O Quinones and nonacidic groups containing one oxygen 
 
Lactones and nonacidic groups containing two oxygen 
Radial 
 
Onion 
 
Random 
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Fig. 1.14. The oxygen functional groups on carbon surface. (after [42]  [56]) 
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The carbon – oxygen moieties are the most important surface group influencing 
carbon physicochemical properties [77]. Some common oxygen surface functional 
groups include phenol, carbonyl, carboxyl, quinone and lactone. They can be divided to 
three types namely acidic, basic and neutral. 
 
Electrochemical reactions usually happen on certain reactive sites [78]. It has been 
proved that these reactions usually happen on the edge of the planes where broken 
bonds exist. And it is now widely believed that the surface functional groups are the 
sites of electrochemical reactions. 
 
 
1.7. Carbon and Carbon Composite Electrodes [40] [79] 
 
Carbon and carbon composite electrodes have been widely used in electrochemistry 
for decades [80]. Carbon is attractive as electrode material because it is available in a 
wide variety of physical structures and it has relatively low chemical and 
electrochemical reactivity. Electrodes made of graphite, glassy carbon, carbon fibre and 
carbon black have been well studied and are commercially available. The research on 
carbon nanotube has been very popular since it was re-discovered by Iijima in 1991 [81] 
[82] [83] [84]. Diamond has also emerged as a novel material for electrochemical 
sensors [85] [86].  
 
The decomposition potentials for oxidation and reduction of the electrolyte usually 
determine the useful potential limits for carbon electrodes. The practical potential range 
for carbon electrodes in aqueous solution is usually limited by the oxygen evolution [87] 
and hydrogen evolution. Generally, graphite electrodes have bigger positive potential 
range as well as negative potential range than platinum electrodes do. 
 
Glassy carbon electrodes have many desirable properties for voltammetry 
experiments because they are impermeable to gases, highly resistant to chemical attack, 
electrically conductive and available in high purity. One of the first applications for 
glassy carbon electrodes was reported by Zittel and Miller [88] in the mid-1960s. It 
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soon became apparent that these electrodes offered signification improvements over 
other carbon electrodes. The glassy carbon electrodes have the widest potential range in 
many carbon electrodes and other solid electrodes. And they are generally used for a 
large range of chemical detection [89].   
 
Carbon composite electrodes, such as impregnated – graphite electrode (IGE) [90] 
and carbon – paste electrode (CPE) [91], usually consist two phases: a carbon phase 
where the electrochemical reactions take place and an inert, non-conducting phase. An 
important advantage of these electrodes is the simple procedure for preparation of a 
new surface, which is unaffected by the previous history of the electrode. Some other 
advantages of carbon composite electrodes include relatively low-cost and simple to 
prepare.  
 
Epoxy resin has been a favourite binding material for carbon composite electrodes for 
years. It has high electric resistivity, good thermal shock resistance, low permittivity, 
fairly good chemical resistance and promising hardness.  
 
The mixing process of carbon and binding materials have been studied for years. 
People have looked into the aggregation process using different binder, different 
temperatures or pressure in order to understand and control the process [92]. The 
percolation threshold of carbon composite materials has been seen as one of the most 
important parameters of such devices.  
 
Several models have been developed to explain how carbon particles aggregate in the 
mixing process. Lux [21] wrote a good review on the electrical conductivity of such 
mixtures.  Some models were developed from classical statistical point of view; some 
models were based on thermodynamics; some of them are geometrical models; and 
others are structure-oriented models. Among all these models, the most important 
parameters are: 
 
1. The size and the geometry of the conductive particles; 
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2. The amount and the distribution of the conductive particles in the insulating 
materials; 
3. The interaction between the conductive and insulting components; 
4. The preparation method of the mixtures. 
 
Several groups have investigated the effects of temperature and pressure in the 
mixing and curing process in order to find out the lowest possible percolation threshold. 
According to Martin et al. [93], the mixture of conductive materials and epoxy resin did 
not cure until the hardener was added. The conductive materials dispersed uniformly in 
room temperature. Large clusters appeared at higher curing temperature, 80 °C. But at 
even higher temperature, 140 °C, small clusters were formed. The speed of stirring had 
similar effects to temperature.   
 
 
1.8. Carbon Electrode Activation  
 
The pretreatment of carbon/carbon electrodes has been studied extensively over 
decades. The propose of these modification is usually to improve their electrochemical 
activity. So these procedures are often referred as electrode activation. Many 
explanations have been brought up for the activation on the electrode, such as: 
 
1. to remove the contaminants from the electrode surface; 
2. to increase the concentration of surface functional groups that act as 
electron-transfer mediators; 
3. to increase the surface area by increasing the surface roughness [94]; 
4. to expose fresh edge planes, microparticles and defects which are the sites 
for electron transfer. 
 
Four major techniques were commonly used for the activation of electrodes: 
mechanical polishing, electrochemical treatment [95] [96] [97], chemical treatment [98] 
and thermal treatment [99] [100]. Some other attempts to improve the electrochemical 
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activity of electrodes include fracture [101] and metal particles deposition as an inter-
medium for electrode oxidation [102]. 
 
Polishing is one of the most used techniques for electrode preparation. The process 
usually involves of gentle polishing of the electrode with sequence of smaller particle-
size abrasive powders on a substance to produce a mirror-like surface. The most 
common abrasive powders used are Al2O3 and diamond paste. The range of the size of 
the Al2O3 particles is usually from 1 µm, 0.3 µm to 0.05 µm. Deaggregated powders are 
preferred since they would not form a big block and scratch the electrode surface. The 
usual substance for polishing includes glass and polishing cloth made of woven or 
synthetic with naps. An electrode well polished on glass can achieve similar 
electrochemical activities of those from electrochemical pretreatment or thermal 
pretreatment [103]. Otherwise there may be a thin layer of carbon on the electrode 
surface which would require further pretreatments. [104] [105] 
 
Electrochemical pretreatment enhances the electrochemical response and selectivity 
of the electrodes. One of the electrochemical pretreatment methods is to cycle the 
electrode between a positive and a negative potential in H2SO4 for several minutes. And 
then hold the electrode on a negative potential for another several minutes. This process 
usually provides a reproducible surface each time before the experiments. [106] 
  
The chemical pretreatment either involves radiofrequency plasma in O2, or chemical 
oxidation in HNO3, H2SO4, HClO4 or H2O2. [107] 
 
Thermal pretreatment of the electrode in oven or by laser has been studied 
extensively by Kuwana et al. [108] and McCreery et al. [48] [109] [110] [111] [112]. 
Microwaves have been found to have similar effects as other thermal pretreatment 
[113]. In the thermal treatment, the surface of the carbon electrode melts and exposes a 
fresh layer of carbon. The surface area also increases as the roughness increases. [114] 
[115] [116] [117] 
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The effects of these pretreatments / actived carbon can also be observed using 
microscopy techniques [118] [119], through the kinetic changes on the electrode 
surface [103] [120] [121], or models by electric circuits [122]. 
 
 
1.9. Carbon Composite Electrodes Review 
 
Composite biosensors provide a new method for electrochemical detection [123] [124] 
[125] [126] and in vivo sensing [127]. They can also provide a platform for metal 
particles deposition to provide better sensitivity and selectivity [128] [129] [130] [131] 
[132] [133] [134] [135] [136] [137]. Mixing composite material with enzyme to build 
fuel cells has been of great interest [57] [138] [139] [140] [141]. And they can be used 
as gas storage material [142] or super capacitor [143] [144] [145] [146]. Previous study 
of these electrodes focused on several aspects: the surface examination using imaging 
techniques [147]; electrochemical studies using cyclic voltammetry [148] [149] and a. c. 
impedance [150] [151]; and their mechanical properties [152].  
 
Despite the wide use of composite electrodes, the systematic investigation of such 
devices is limited in the literature. More recently, some special properties of carbon – 
epoxy composite electrodes have been studied by O’Hare et al. [153] and Ramirez-
Garcia et al. [125] O’Hare et al. showed that graphite – epoxy composite electrodes 
have microscopic conducting features which behaved as random assembles of 
microelectrodes arrays. And Ramirez-Garcia et al. showed that the conductivity of 
similar devices depend on the composite ratios which could be explained by percolation 
theory.  
 
Much research has been done on microelectrodes arrays for their unique advantages 
[154] [155] [156] [157] [158] [159] [160] [161] [162]. Their voltammetry responses 
have the similar shape of a microelectrode but the amplitude is much higher, which 
would greatly increase the sensing limit. They could also be used to measure different 
chemicals if they are individually addressable. However, such devices are difficult to 
manufacture especially when the microelectrodes are of small size. Currently, most 
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studies are focused on lithography [163] [164] and partially blocked electrodes [165]. 
Other techniques on building micro-structure carbon electrode network have also been 
developed recently, such as using silica material as templates [166].  
 
Large resistance is often inevitable inherited in the composite electrodes. There are 
some brief studies of this phenomenon [167] [168] [169]. The usual explanation was 
down to hysteresis phenomena [170], although there are no well established studies 
about hysteresis behaviour in composite electrodes or composite electrode arrays.    
 
Overall, such devices display good stability, temporal characteristics, and 
microelectrode array like behaviour. They have a low sensitivity to flow which is 
accompanied by high capacitance and bulk resistance which can blur the voltammetric 
details. However, their unique behaviours still outweigh their disadvantages. 
 
Theoretical work in this area focused on two approaches: the partially blocked 
microelectrodes [165] [171] [172] [173] [174] [175] [176] and the ‘infinite cluster’ of 
percolation theory developed by Navarro-Laboulais et al. [147] [169] [177]. The 
partially blocked microelectrodes model provides a good characterisation for the 
diffusion layer of microelectrodes array. The ‘infinite cluster’ model studied the 
relation between composite ratio and electrodes structure firstly using percolation 
theory. Both models provide understanding of composite electrodes at different aspects. 
Nevertheless, the resistance in these electrodes in both models was not considered, and 
nor did they link the resistance in electrodes structure with diffusion on the electrodes 
surface. 
 
 
1.10. Our Approach  
 
Our research intends to study the inner structure of composite electrodes as well as 
the electrochemical reactions on the electrodes surface, which leads us to consider the 
clustering network. Martin et al [93] extensively studied the clustering of carbon 
nanotube blended in resin under different conditions. Some of their key findings were: 
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the clustering only occurs after the hardener was added to the mixture; clustering is 
dependent on the curing temperature significantly and no clustering occurs at room 
temperature. 
 
In order to study the random network of conductivity with no bias to any specific 
materials, glassy carbon spherical powder was used as the conducting material, which 
provides a relatively mono-disperse in the conducting network, and their rigidity makes 
the contact between any two spherical balls a point to point contact. This allows for 
more simplified modelling. 
 
Carbon fibre array electrodes were made for comparison with glassy carbon – epoxy 
electrodes since these devices show dispersed interfaces without the complication of 
varying internal resistances. 
 
Chemical pretreatment can alter the identity and density of functional groups on the 
carbon surface [42]. We used acidic and reducing pretreatment on glassy carbon 
spherical powder and observed major changes in both titration and cyclic voltammetry 
experiments. 
 
Although much works has been done on 2-D discs close random packing [19] and 
some 3-D mono-sized spheres close random packing [17], the model of 3-D close 
packing for various sized spheres is still a great challenge limited mainly by numerical 
processing powers. We used the concept of conducting pathways to model the 
composite structure and reduce the amount of numerical work needed. 3-D numerical 
models based on percolation theory are presented, these allow the distributed 
resistances to be embedded in the composite and enable qualitative prediction of the 
voltammetric properties.  
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The best material model of a cat is another, or preferably the same, cat. - Norbert 
Wiener 
 
 
 
2.1. Introduction 
 
It is always more desirable to have the most realistic model but it is often 
unachievable due to the limitation of numerical processing tools. Thus some 
assumptions were made in our model on its geometry, sub-domain and boundary 
conditions. But realistic is still what we are aiming for. 
 
Previous models by Compton et al. built for 2-D microelectrode arrays was very 
successful [174] [175] [176] [178] [179] [180]. But one of their assumptions was that 
the interference of the diffusion layers from nearby electrodes could be neglected by 
summing the responses from all the individual electrodes. But this assumption only 
holds true when the electrodes are separated far enough. When the electrodes become 
closer, the error of such assumption increases [181]. There are other models for 
electrochemical reactions based on diffusion [182] [183]. But no model was ever been 
built in 3-D incorporating the conducting pathways in the electrode with the 
electrochemical reactions on the surface. And there are no previous studies on the effect 
of how the resistance in conducting paths would change the diffusion of microelectrode 
arrays. 
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A Numerical 3-D model was developed using Finite Element Method (Comsol 3.2) 
for a one electron transfer reaction deOx Re↔+ . Transit diffusion and conductive 
media DC models were coupled to solve the problem in this module. An electrode array 
of nine electrodes was combined in the model with different configurations.  
 
 
2.2. Modelling Setup 
 
2.2.1. Geometry 
 
We first studied the electrode array in a rectangular lattice. The electrodes have the 
same diameter of 10 µm and the distance between the centres of two nearby electrodes 
is 200 µm. The electrodes were embedded on the top of an 800 × 800 × 400 µm
 3
 
(Length × Width × Height) block. The top of the block represent the electrode – 
solution interface and the block itself represent cell.  
 
Fig. 2.1. The geometry of electrode type 1. The distance between the centres of two nearby 
electrodes is 200 µm. Each electrode was named from 6 to 14. 
800 µm 
400 µm 
800 µm 
200 µm 
10 µm 
6 
7 
8 
9 
10 
11 
12 
13 
14 
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2.2.2. Mesh 
 
Increasing the quality of meshing will increase the precision of the modelling as well 
as the time needed to process. “Very fine” meshing was used on the electrodes’ 
surfaces by defining the maximum element size to be a hundred times smaller than the 
electrode’s size. “Normal” meshing was used globally to reduce the amount of 
modelling work where: maximum element size scaling factor is 1; element growth rate 
is 1.5; mesh curvature factor is 0.6; mesh curvature cut off is 0.03; and resolution of 
narrow regions is 0.5.  
 
 
Fig. 2.2. The meshing profile of electrode type 1. 
 
All the modelling parameters were listed in table 2.1 with details explanations followed 
below. 
 
 
Table 2.1. Modelling parameter. 
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2.2.3. Conductive Media DC  
This model solves for the variable V, potential. 
 
Sub-domain settings: 
The equation we solved in sub-domain in conductive media DC is: 
( ) je QJV =−∇⋅∇− σ  (2.1) 
where solution conductivity 10=σ  
m
S ; external current density 0=eJ  2m
A ; 
current source 0=jQ  3m
A  and initial electric potential ( ) 00 =tV  V .  
 
The value of solution conductivity was chosen so that the overall solution resistance 
is around a few hundred ohms [184] [185] [186].  
 
Boundary settings: 
The equation we solved on the electrodes (distributed resistance) in conductive media 
DC is: 
( ) dVVJn applied−=⋅ σ  (2.2) 
where n·J is the current density outflow; σ is the electrode conductivity varying from 
1×10
7
, 1×10
6
, 1×10
5
, 1×10
4
, 3×10
3
, 1×10
3
, 3×10
2
, 1×10
2
 to 10 
m
S ; electrode thickness 
001.0=d  m and applied potential Vapplied defined as follow:  
( ) 



 >⋅


 



 −++



 ≤⋅−=
2
1
2
12
2
11 ttttvEttvtEVapplied  V  (2.3) 
where Vapplied represents a triangle waveform starts from upper potential E1 (0.2 V) to 
lower potential E2 (-0.6 V) and goes back to E1 with a scan rate v V s
-1
 and half time t1/2 
s. The scanning potential range was defined to model the redox couple Ru(NH3)6Cl3.  
 
The value of electrode conductivity was chose to represent highly conducting 
materials (metals, 10
7
 S m
-1
) to less conducting materials (10 S m
-1
). 
 
The value of solution resistance usually depends on the distance between the 
electrodes, the concentration of the electrolyte and the geometry of the cell [169] [187]. 
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But it is usually very low (less than 100 Ω) when the concentration equals to or larger 
than 1 M; and higher (a few hundred ohms to a few thousand ohms) when the 
concentration decreases [186].   
 
The side opposite to the electrode surface was set to be ground: 
0=V  (2.4) 
which allows a potential gradient to be establish representing the difference between 
the working and counter electrodes. 
 
All other sides were set to be electric insulation: 
0=⋅ Jn  (2.5) 
 
2.2.4. Diffusion  
 
This model solves for the concentration of species Ox, cOx and the concentration of 
species Red, cRed. 
 
Sub-domain settings: 
The equations solved in sub-domain in diffusion are: 
( ) RcD
t
c
Oxts =∇−⋅∇+∂
∂δ  (2.6) 
( ) RcD
t
c
dts =∇−⋅∇+∂
∂
Reδ  (2.7) 
where time-scaling coefficient 1=tsδ ; diffusion coefficient 
10101.9 −×=D  
s
m2  [52] 
[55] for both species; reaction rate 0=R  ( )smmol ⋅3 . 
 
The initial concentrations of two species were set to be: 
( ) 10 =tcOx  3m
mol  (2.8) 
( ) 00Re =tc d  3m
mol  (2.9) 
 
Boundary settings: 
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The equations solved on the electrodes (flux) in diffusion are:  
( )Oxbmt cckNNn −+=⋅− 0  (2.10) 
OxcDN ∇−=  (2.11) 
for species Ox and  
( )dbmt cckNNn Re0 −+=⋅−  (2.12) 
dcDN Re∇−=  (2.13) 
for species Red, where n·N is normal diffusive flux ( ( )smmol ⋅2 ); mass transfer 
coefficient 0=mtk  s
m ; bulk concentration 1=bC  3m
mol  for the oxidized species 
and 0=bC  3m
mol  for the reduced species; and inward flux N0 was defined as:  
( ) ( ) ( )[ ]00 1Re00 EVfdEVfOx ececkN −−−− ⋅−⋅−= αα  ( )smmol ⋅2  (2.14) 
for species Ox and 
( ) ( ) ( )[ ]00 1Re00 EVfdEVfOx ececkN −−−− ⋅−⋅= αα  ( )smmol ⋅2  (2.15) 
for species Red using Bulter-Volmer equation. The opposite sign was given for the 
opposite direction of the flux. Rate constant 001.00 =k  
s
m  [78] [188]; 5.0=α ; 
( ) 9217.38=⋅= TR
Ff  1−V , where Faraday constant 3.96485=F  C ; molar gas 
constant 31447.8=R  ( )Kmol
J
⋅ ; temperature 15.298=T  K  (room temperature) and 
standard potential 2.00 −=E  V . Similarly, the value of E0 was chosen to model the 
chemical Ru(NH3)6Cl3 [77].  
 
The side opposite to the electrode surface was set to be constant concentrations same 
as initial bulk concentrations: 
1=Oxc  3m
mol  (2.16) 
0Re =dc  3m
mol  (2.17) 
which enables our limited size of model to have infinite diffusion space as in the 
physical electrochemical cell. 
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All other sides were set to be insulation: 
0=⋅ Nn  (2.18) 
OxcDN ∇−=  (2.19) 
for species Ox and  
0=⋅ Nn  (2.20) 
dcDN Re∇−=  (2.21) 
for species Red. 
 
The above subdomain and boundary setting parameters were listed in table 2.1. 
 
2.2.5. Solver  
 
A time dependent solver was used to study the transient states of the problem. The 
time solved was set to complete an exact cyclic. And the stepping time was chosen to 
provide more than a hundred states for a simulation. The relative tolerance and absolute 
tolerance were 10
-4
 and 10
-5
 respectively. 
 
 
2.3. Results and Discussion 
 
2.3.1. Results Overview  
 
A single scan was applied in each model. Figure 2.3 shows the electric potential at t1/2, 
when the applying potential Vapplied = - 0.6 V. The potential on the surface of each 
electrode varies according to their different resistances. The electrode with the smallest 
resistance has little potential drop, while the one with the largest resistance has lost 
most of its potential. A potential gradient was generated in the solution.  
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Fig. 2.3. The electric potential profile of electrode type 1 at t1/2, Vapplied = - 0.6 V. 
 
The effect of potential lost on the electrode surface with different resistances was 
studied using a single electrode model. In this model, the diameter of the electrode was 
still 10 µm. And all other modelling parameters were kept the same. The ratio of the 
potential applied to the electrode was calculated by: 
Ratio of Potential = Potential (on the electrode surface) / Potential (applied) (2.22) 
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Fig. 2.4. The potential remained on electrode surface with different resistances. 
 
Figure 2.4 shows that there is almost no potential loses on electrode 6, 7 and 8 
because of their good conductivity. While little potential was left on electrode 12, 13 
and 14 so they could not reach E
0
 in this potential range. Since the actual potential 
range on each electrodes decreases with their conductivity, slower scan rate (v) was 
also obtained inevitably.  
 
Different diffusion profiles were generated at different times. At beginning, only 
species Ox existed in the solution. The potential on the electrode surface was not 
enough to drive any electrochemical reactions. As the potential come close to E
0
, 
species Ox was reduced to Red at the electrodes surface and changed local 
concentration.  
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Fig. 2.5. Concentration profile of species O on electrode type 1 at 0.3 s, Vapplied = - 0.1 V. 
 
As the potential decreased further, the Ox on the electrode surface was completely 
reduced and formed diffusion layers. 
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Fig. 2.6. Concentration profile of species Ox on electrode type 1 at t1/2 when the scan switches, 
Vapplied = - 0.6 V.  
 
As the potential switched back, the species R on the electrode surface was oxidized to 
Ox and the concentration of Ox increased.  
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Fig. 2.7. Concentration profile of species Ox on electrode type 1 at 1.3 s, Vapplied = - 0.1 V. 
 
In the end, the species Red on the electrode surface was completely oxidized to Ox 
again and formed multi-layer hemispherical shape diffusion layers. 
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Fig. 2.8. Concentration profile of species Ox on electrode type 1 at the end, Vapplied = 0.2 V. 
 
The 3-D concentration profile of species Red is opposite to species Ox, with 
increasing at the beginning and decreasing on the second half. 
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Fig. 2.9. Concentration profile of species Red on electrode type 1 at t1/2, Vapplied = - 0.6 V. 
 
Individual current response as well as overall response was calculated by integrating 
the flux on the electrode surface. Given enough potential range, microelectrodes would 
always reach their diffusion limited current. But at a specific range, some electrodes 
could not reach the diffusion limited states due to their large resistance.  
 
Figure 2.10 shows the modelling results of cyclic voltammograms at 10 mV s
-1
. 
There is no significant difference between electrode 6, 7 and 8. Shift in E1/2 was 
observed on electrode 9, 10 and 11. The electrode 12, 13 and 14 did not have enough 
potential to generate any electrochemical reaction by themselves; the current on these 
electrodes were caused by the species diffused away from other electrodes. The overall 
current response shows an unstable limited current caused by the lagging of different 
electrodes. The slop of the unstable current was determined by the number of electrodes 
and the resistance in each of them. 
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Fig. 2.10. Modelling results of cyclic voltammographs for electrode type 1 at 10 mV s
-1
: (a) The 
voltammographs of each electrode and (b) the voltammographs of overall electrodes. 
 
2.3.2. Scan Rate 
 
 
(a) 
(b) 
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Fig. 2.11. Modelling results of cyclic voltammographs for electrode type 1 at 100 mV s
-1
: (a) The 
voltammographs of each electrode and (b) the voltammographs of overall electrodes. 
 
The effects of different scan rates were studied by comparing response obtained 
between 1 V s
-1
 to 10 mV s
-1
. At higher scan rates, the diffusion layer on each electrode 
is changing from hemispherical shape to planar shape. As the results, the 
(a) 
(b) 
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voltammograms have larger peaks. The wave separations between the forward scans 
and the backward scans also increased with scan rate. This was because at higher scan 
rates, the diffusion layer became thinner and the reverse scan did not oxidize all the 
species been reduced. 
-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2
-1.8
-1.6
-1.4
-1.2
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
Potential / V
C
u
rr
e
n
t 
/ 
n
A
6
7
8
9
10
11
12
-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2
-9
-8
-7
-6
-5
-4
-3
-2
-1
0
1
Potential / V
C
u
rr
e
n
t 
/ 
n
A
 
Fig. 2.12. Modelling results of cyclic voltammographs for electrode type 1 at 1 V s
-1
: (a) The 
voltammographs of each electrode and (b) the voltammographs of overall electrodes. 
(a) 
(b) 
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We also looked into the shift of E1/2, (E3/4 – E1/4) and Cd in all these scan rates.  
 
Table 2.2. The change of E1/2 and (E3/4 – E1/4) in electrode type 1 at different scan rates. Data 
calculated from reduction scan. 
E1/2 / V (E3/4 – E1/4) / mV 
Electrode 
10 mV s
-1
 100 mV s
-1
 1 V s
-1
 10 mV s
-1
 100 mV s
-1
 1 V s
-1
 
6 - 0.199 - 0.198 - 0.192 59 56 54 
7 - 0.199 - 0.196 - 0.193 59 55 55 
8 - 0.202 - 0.200 - 0.196 60 57 56 
9 - 0.240 - 0.239 - 0.234 68 71 67 
10 - 0.330 - 0.326 - 0.321 95 96 95 
* ∆i taken from 0.19 V; Area of a 10 µm disc electrode is 7.854 × 10
-7
 cm
2
. 
 
At a certain scan rate, E1/2 did not change when the electrode is very conductive. But 
as the resistance of the electrode became larger, E1/2 became more negative 
dramatically. (E3/4 – E1/4) had the similar trend as E1/2. But comparing different scan 
rates, we can see E1/2 and decreased slightly with increasing scan rate, which means 
better kinetics at higher scan rate. And (E3/4 – E1/4) did not change with different scan 
rates. But since the distance between the electrodes was quite far in this model, the 
changes were not significant. The distance between the electrodes were changed in later 
models to focus on the interaction between the electrodes.   
 
2.3.3. Electrodes Configuration 
 
Different electrode configurations were investigated to study the effects of diffusion 
layer overlaps. The conductivity of each electrode was kept the same with previous 
model. So were other subdomain and boundary settings. 
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Table 2.3. Centre location (x , y) (×10
-4
) of electrodes in each configuration type. 
 Type 1 Type 2 Type 3 Type 4 Type 5 Type 6 Type 7 
Electrode 6 (2, 2) (3, 3) (3.8, 3.8) (2, 3.8) (3.8, 2) (2, 2) (2, 2) 
Electrode 7 (2, 4) (3, 4) (3.8, 4) (2, 4) (3.8, 4) (2, 5.8) (2, 2.2) 
Electrode 8 (2, 6) (3, 5) (3.8, 4.2) (2, 4.2) (3.8, 6) (2, 6) (2, 6) 
Electrode 9 (4, 2) (4, 3) (4, 3.8) (4, 3.8) (4, 2) (4, 2) (2.2, 2) 
Electrode 10 (4, 4) (4, 4) (4, 4) (4, 4) (4, 4) (2.2, 5.8) (2.2, 2.2) 
Electrode 11 (4, 6) (4, 5) (4, 4.2) (4, 4.2) (4, 6) (2.2, 6) (4, 6) 
Electrode 12 (6, 2) (5, 3) (4.2, 3.8) (6, 3.8) (4.2, 2) (6, 2) (6, 2) 
Electrode 13 (6, 4) (5, 4) (4.2, 4) (6, 4) (4.2, 4) (6, 4) (6, 4) 
Electrode 14 (6, 6) (5, 5) (4.2, 4.2) (6, 4.2) (4.2, 6) (6, 6) (6, 6) 
 
Electrode type 2 has the same diameter of each electrode and the distance between 
the centres of two nearby electrodes is 100 µm. With this geometry, the diffusion layers 
of each electrode would merge earlier than they are in electrode type 1. The 
voltammographs of each electrode would also been influenced more by other electrodes. 
 
By comparing figure 2.13 with figure 2.10, we could see different changes for 
different electrodes. For the electrodes with high conductivities (electrode 6, 7 and 8), 
the diffusion limited current decreases slightly because the concentration at the far end 
of the diffusion layer was less than the bulk concentration. The infinite diffusion layer 
was not achievable in this case. On the other hand, the current of low conductivity 
electrodes (electrode 11 and 12) increases because the concentration on these electrode 
surfaces was lower. These electrodes reached further reaction states by the ‘help’ of 
other well conducting electrodes. The overall current response decreased slightly as the 
well conducting electrodes took more weight. 
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Fig. 2.13. The geometry of electrode type 2. The distance between the centres of two nearby 
electrodes is 100 µm. 
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Fig. 2.14. Modelling results of cyclic voltammographs for electrode type 2 at 10 mV s
-1
: (a) The 
voltammographs of each electrode and (b) the voltammographs of overall electrodes. 
 
The distance between the centres of two nearby electrodes is further reduced to 20 
µm in electrode type 3. In this configuration, the electrodes were so close to each other 
(a) 
(b) 
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that their diffusion layers would merge together very soon and greatly affect their 
voltammographs. 
 
 
Fig. 2.15. The geometry of electrode type 3. The distance between the centres of two nearby 
electrodes is 20 µm. 
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Fig. 2.16. Modelling results of cyclic voltammographs for electrode type 3 at 10 mV s
-1
: (a) The 
voltammographs of each electrode and (b) the voltammographs of overall electrodes. 
 
As shown in figure 2.16, the differences between each electrode were further reduced. 
The diffusion limited current of well conducting electrodes became smaller and 
decreased later caused by overlapping diffusion layers. For the electrodes with low 
(a) 
(b) 
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conductivities, the shift in E1/2 was reduced. Electrode 11 could reach its diffusion 
limited current in this geometry and electrode 12 had current comparable to electrodes. 
The overall current further decreased in this module. 
 
It is surprising that electrodes 11 and 12 had positive currents at their early stage of 
the reaction. The reason for it was caused by the potential difference between the 
electrodes. These 2 electrodes had bigger resistance than electrodes 6 to 10. In the 
potential window between 0.15 V to 0.4 V, electrodes 6 to 10 reduced all the species 
around their surfaces, while electrodes 11 and 12 still had little potential on their 
surfaces. The diffusion layers of all the electrodes had merged together at this stage 
because the electrodes were very close. Although the potential on electrodes 11 and 12 
was very low (close to 0), the fact that these 2 electrodes were conducting made them 
behave as counter electrodes and gained positive current. When the applied potential 
decreased further, the potential on electrodes 11 and 12 were negative enough to reduce 
the species by themselves, and then they reached negative current. This specific 
behaviour could only happen when there were several electrodes with different 
resistance (the difference needed to be a few magnitudes) and the electrodes were very 
close. If there is a single electrode with high resistance or an electrode array with long 
distances between the electrodes (as our previous models), this situation would not 
happen. 
 
Figure 2.17 showed the concentration (isosurface) and flux (streamlines) profile of 
species Red at – 0.35 V on the first scan. From the flux streamlines we can observe that 
although most of the species Red generated by the highly conducting electrodes were 
diffusing away from the electrodes to counter (bottom of the cell), certain amount of the 
species diffused to the less conducting electrodes and were reoxidised there. This 
showed more clearly how the positive current in figure 2.16 was generated. 
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Fig. 2.17. Concentration and flux profile (globe and local) of species Red at – 0.35 V on the first 
scan, corresponding to figure 2.16. 
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In order to further isolate the effects of diffusion overlapping and inner resistance, 
other non-symmetric geometries were also studied. On electrode type 4, the electrodes 
were put into three groups: 6, 7 and 8; 9, 10 and 11; 12, 13 and 14. The distance 
between the centres of two electrodes in a group is 20 µm and the distance between the 
centres of two electrodes between different groups is 200 µm.  
 
 
Fig. 2.18. The geometry of electrode type 4. The distance between the centres of two nearby 
electrodes within a group is 20 µm and 200 µm between different groups. 
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Fig. 2.19. Modelling results of cyclic voltammographs for electrode type 4 at 10 mV s
-1
: (a) The 
voltammographs of each electrode and (b) the voltammographs of overall electrodes. 
 
In this geometry, electrode 6 and 8 have similar current response while electrode 7 
have a smaller limited current. Considering their conductivity would lead to the same 
potential on the electrodes surface, the current on electrode 7 was influenced by the 
(a) 
(b) 
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diffusion layer overlapping with electrode 6 and 8 on both sides. While electrode 6 and 
8 only have overlapping on one side and have infinite diffusion layer on the other side. 
 
Electrode type 5 has similar geometry with type 4 but the 3 groups were divided into: 
6, 9 and 12; 7, 10 and 13; 8, 11 and 14. 
 
 
Fig. 2.20. The geometry of electrode type 5. The distance between the centres of two nearby 
electrodes within a group is 20 µm and 200 µm between different groups. 
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Fig. 2.21. Modelling results of cyclic voltammographs for electrode type 5 at 10 mV s
-1
: (a) The 
voltammographs of each electrode and (b) the voltammographs of overall electrodes. 
 
In this module, electrode 12 got current response influenced by electrode 6 and 9. 
Whereas in type 4, the electrode did not have any significant current because electrode 
13 and 14 did not generate any electrochemical reactions. 
(a) 
(b) 
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In electrode type 6, we put electrode 7, 8, 10 and 11 in a small area.  
 
 
Fig. 2.22. The geometry of electrode type 6.  
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Fig. 2.23. Modelling results of cyclic voltammographs for electrode type 6 at 10 mV s
-1
: (a) The 
voltammographs of each electrode and (b) the voltammographs of overall electrodes. 
 
Electrodes 6 and 9 have regular voltammograms since they were ‘isolated’. 
Electrodes 7, 8, 10 and 11 have smaller current because of their diffusion layer 
overlapping. The overall voltammograms in this module has a stable diffusion limited 
(a) 
(b) 
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current which is different from the ones from other modules. This is mainly caused by 
electrode 11 which just reached its limited current at t1/2 and compensated the decreased 
current of electrodes 7, 8 and 10.  
 
In electrode type 7, electrode 6, 7, 9 and 10 were put in a small area. 
 
 
Fig. 2.24. The geometry of electrode type 7.  
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Fig. 2.25. Modelling results of cyclic voltammographs for electrode type 7 at 10 mV s
-1
: (a) The 
voltammographs of each electrode and (b) the voltammographs of overall electrodes. 
 
In this module, electrode 8 has regular voltammograms and electrodes 6, 7, 9 and 10 
have smaller currents. The overall voltammograms in this module has a stable diffusion 
limited current at the beginning and starts to decrease later caused by electrode 11.  
(a) 
(b) 
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The diffusion limited current (il), half reaction potential (E1/2) and (E3/4 – E1/4) from all 
types of electrodes were compared.  
 
Table 2.4. ip or il (nA) for all types of electrodes at 10 mV s
-1
. 
Electrode Type 1 Type 2 Type 3 Type 4 Type 5 Type 6 Type 7 
6 - 1.34 - 1.33 - 1.03 - 1.15 - 1.24 - 1.36 - 1.08 
7 - 1.37 - 1.31 - 0.99 - 1.05 - 1.33 - 1.16 - 1.10 
8 - 1.40 - 1.36 - 1.15 - 1.15 - 1.38 - 1.21 - 1.36 
9 - 1.43 - 1.37 - 1.07 - 1.30 - 1.26 - 1.42 - 1.04 
10 - 1.40 - 1.33 - 0.93 - 1.16 - 1.23 - 1.05 0.98 
11   - 1.07     
 
The same modelling parameters were used in a single electrode model to calculated il, 
the diffusion limited current for a single electrode without interference is 1.38 nA. 
 
The data showed that when the electrodes are close to each others, the diffusion 
limited current decreased due to the overlapping of diffusion layers.  
 
Table 2.5. E1/2 (V) for all types of electrodes at 10 mV s
-1
. 
Electrode Type 1 Type 2 Type 3 Type 4 Type 5 Type 6 Type 7 
6 - 0.200 - 0.199 - 0.195 - 0.198 - 0.198 - 0.200 - 0.194 
7 - 0.200 - 0.199 - 0.194 - 0.196 - 0.198 - 0.197 - 0.195 
8 - 0.203 - 0.202 - 0.199 - 0.200 - 0.203 - 0.200 - 0.203 
9 - 0.243 - 0.240 - 0.228 - 0.234 - 0.238 - 0.242 - 0.230 
10 - 0.344 - 0.330 - 0.284 - 0.313 - 0.318 - 0.304 - 0.301 
11   - 0.389     
 
The data from E1/2 showed that when the less conductive electrodes were close to 
other well conductive electrodes, E1/2 of less conductive electrodes decreased. This is 
because some of the species near the less conductive electrodes were oxidized/reduced 
by the well conductive electrodes. So their E1/2 is “drugged” less negative.   
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Table 2.6. (E3/4 – E1/4) (mV) for all types of electrodes at 10 mV s
-1
. 
Electrode Type 1 Type 2 Type 3 Type 4 Type 5 Type 6 Type 7 
6 59 57 53 56 55 58 53 
7 59 56 53 58 56 54 53 
8 60 58 55 56 58 56 59 
9 68 69 63 66 66 71 62 
10 95 95 61 84 79 69 67 
11   81     
 
(E3/4 – E1/4) also decreases when the electrodes became closer, which means the 
kinetics became better. This is because the species near the surface could be oxidized / 
reduced by several electrodes nearby and the surface concentration would 
decrease/increase more rapidly. 
 
After studied all these different geometries, we can conclude that: in an electrode 
array, the current of a well conducting electrode would decrease and become unstable 
(decreasing) caused by the overlapping of diffusion layers; an electrode with poor 
conductivity would have an increasing current and reach its limited current earlier 
‘helped’ by nearby well conducting electrodes. The overall current would have an 
unstable limited current which slope was determined by the configuration of electrodes 
and their conductivity. In some special cases, the overall current could have a stable 
limited current in a narrow potential window but would decrease afterwards. 
 
2.3.4. Effects of Electrode Shape 
 
The cyclic voltammetry of a spherical electrode was modelled. Considering the 
exposed area of such an electrode would be no bigger than half of its surface area 
(otherwise the electrode would come off during polishing process), we modelled four 
conditions where the electrode exposed one eighths of its diameter, one quarter of its 
diameter, three eighths of its diameter, and half of its diameter. 
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Fig. 2.26. The interface of a spherical electrode and solution.  
 
Hemispherical sharp electrode (h = R) was modelled using a diffusion module which 
has the same settings and parameters as the model stated earlier. No conductive media 
was used in this model. The electrode has a diameter R = 10 um and the solution was in 
a 200×200×100 um
3
 block. The surface area of the electrode can be calculated by: 
RhS π2=  (2.23) 
 
 
Fig. 2.27. The geometry of a hemispherical electrode.  
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Fig. 2.28. Concentration profile of species O on hemispherical electrode at t1/2. 
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Fig. 2.29. Modelling results of cyclic voltammograph for hemispherical electrode at 10 mV s
-1
. 
 
One eighth, quarter and three eighths spherical shape electrode (h = R/4, R/2 and 3R/4 
respectively) were modelled under the same conditions. 
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Fig. 2.30. Modelling results of cyclic voltammograph for quarter-spherical electrode at 10 mVs
-1
. 
 
All modelling results showed a well defined microelectrode voltammetry with a clear 
diffusion limited current and no difference in E1/2. So the expose shape and area of the 
electrodes would only change the amplitude of the limited current. And an electrode 
array composed of partial-spherical shaped electrodes would have a similar 
voltammograph as the one from an electrode array with disc electrodes given the same 
configuration. The only difference between such two voltammographs would be the 
amplitude of the current. 
 
 
2.4. Percolation Model 
 
A 3-D model based on percolation theory was build to study the conducting structure 
of the composite electrodes. The core program was written in Matlab 7.04 and 
gOpenMol 2.32 was used for structure display. 
 
Although much works has been done on 2-D discs close random packing [19] and 
some 3-D mono-sized spheres close random packing [17], the model of 3-D close 
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packing for various sized spheres is still a great challenge limited mainly by numerical 
processing powers. 
 
To simplify the problem, we used assumptions of mono-sized spheres and cubic close 
packing lattice. Cubic close packing was chosen because it provides the biggest packing 
density. For an infinite lattice, every position in this lattice has exactly 12 neighbours. 
The positions on the boundary and corners have fewer neighbours. 
 
 
 
Fig. 2.31. The top and bottom view of cubic close packing. Every third layer overlays one another. 
 
 
Fig. 2.32. The 3-D view of cubic close packing.  
 
The flow chart of the program was shown as follow: 
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Fig. 2.33. The flow chart of the program. 
 
1. The lattice was generated in a matrix with “1” indicating a possible position and “0” 
indicating the empty space among them. 
 
2. For a given ratio p (0 ≤ p ≤ 1), all the positions in the lattice have been chosen 
randomly to be occupied by conducting materials (indicated by “2” in the program) or 
unoccupied (equals to non-conducting materials) which give the total ratio of p.  
 
3. All the occupied positions on the top layer were charged with a higher potential 
(indicated by “3” in the program).   
 
4. From layer to layer, each occupied position will check their neighbours. If any of 
them has a higher potential, this position will be charged too. This process keeps going 
many times until every single position is stable.  
 
2. Set ratio and boundary 
conditions 
1. Create cubic close 
packing lattice 
3. Charge the first layer 
4. Path-finding 
5. Display 
6. End 
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5. Unoccupied positions (“1”) on the top and bottom of the graph were displayed in 
white colour in the graph; occupied low potential positions (“2”) were displayed in blue 
and occupied high potential positions (“3”) were in red. By checking the high potential 
positions at the bottom layer, one would be able to tell if there is any path or how many 
paths are there in the whole structure. 
 
The calculation of the whole structure of an electrode evolves more than 10 million 
balls and the simulation takes several days. So we modelled a cubic sized 0.2 × 0.2 × 
0.2 mm
3
 instead. Several graphs of electrode structure with different conducting 
material ratios were showed below. For a better look of the inner structure, the size of 
each ball has been shrunk to one twenty-fifths of their original size. 
 
 
(a) 
p = 0.7 
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(b) 
p = 0.5 
(c) 
p = 0.25 
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Fig. 2.34. Modelling results for different conducting material ratios. 
(d) 
p = 0.1 
(e) 
p = 0.01 
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In figure 2.34 (a), the model has a high conducting material ratio. When the first layer 
was charged, the potential was passed to most of the positions and formed many 
conducting pathways. From figure 2.34 (b) to (e), the conducting material ratio 
decreases gradually and less pathways were formed. A percolation threshold was 
observed in figure 2.34 (c). And figure 2.34 (d) indicates thinner material would have 
more pathways. 
 
Possible conducting paths for different conducting material ratios were measured by 
this model. The real volume ratios of the composite can be calculated by 0.7504 times 
the ratios we used below. The error bars are standard deviation and 6 samples are 
calculated for each point. 
 
At maximum ratio (100% for occupying ratio and 75.04% for real ratio of the 
composite), all the paths are conducting. Percolation threshold was obtained at about 
20%. This result shows good agreement with Dean’s work [5].  
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Fig. 2.35. Modelling result for percolation of the conducting material. (error bar for standard 
deviation, n = 6) 
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Chapter 3. Fibre Array Electrodes 
 
 
 
Science may set limits to knowledge, but should not set limits to imagination. - 
Bertrand Russell 
 
 
 
3.1. Introduction 
 
Physical models for composite material electrodes involve dispersed interface and 
internal resistance. But it is always to difficult to separate these effects at the beginning. 
We are interested in carbon fibre array electrodes because they provide a good model 
consisting dispersed interface and finite resistance. Since the resistivity of carbon fibres 
are quite high, around 1.5 × 10
-5
 Ω m [189], the resistance of a 1 cm long, 10 µm single 
carbon fibre is about 2 kΩ. The resistance for longer, thinner carbon fibres would be 
higher; and lower for shorter, thicker fibres. Gold fibre array electrodes also fall into 
our investigation because they provide dispersed interface with on internal resistance, 
which can be a good comparison for carbon fibre array electrodes. 
 
 
3.2. Experimental 
 
3.2.1. Chemicals. All chemicals were reagent grade or better and used without further 
purification. Voltammetric experiments were undertaken using 10 mM Ru(NH3)6Cl3 in 
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1 M potassium chloride aqueous solution. Equal concentrations of 10 mM K3Fe(CN)6 
and 10 mM K4Fe(CN)6  in 1 M potassium chloride aqueous solution was used for a. c. 
impedance experiments. 
 
3.2.2. Instrumentation. All cyclic voltammetry experiments and a. c. impedance 
experiments were performed using a single channel potentiostat (CH Instruments, 
model 650A). All the experiments were performed in a Faraday cage to reduce 
electrical noise. Ag|AgCl reference electrode (CH Instruments) and homemade 
platinum mesh counter electrode was used in all experiments. A low speed diamond 
saw (IsoMet
TM
, Buehler) with a diamond wafering blade (10LC, Buehler) were used for 
precise cutting of the electrodes. A SEM (Jeol, JSM – 5610LV) was used to analyse the 
surface of electrodes. 
 
3.2.3. Carbon Fibre Array Electrode Preparation. Two different types of carbon 
fibre array electrodes were fabricated, accumulated and isolated. 
 
3.2.3.1. Isolated Carbon Fibre Array Electrodes. 10 single carbon fibres (5 µm and 
10 µm, Goodfellow; 30 µm, World Precision Instruments, Inc.) were cut to about 1 cm 
long and stuck onto a self-adhesive copper tape (Farnell) with a few millimetre 
distances between each ones. Scores of polymer fibres (polyaramid, 17 µm, 
Goodfellow) were placed between the carbon fibres so that the each carbon fibre was 
surrounded by polymer fibre and there would be no contact between the carbon fibres. 
Silver epoxy was used to provide better conducting between the fibres and the copper 
tape. A gold lead (Multi-Contact) was half attached to the copper tape which was rolled 
to form a cylinder and then sealed in epoxy resin. The surface was then cut and 
polished. 
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Fig. 3.1. Manufacturing (a) isolated and (b) accumulated carbon fibre array electrodes. 
 
Because the carbon fibres are very fragile, some of them were broken during the 
curing and sealing process. The experiments later showed that actually only 3 to 9 
fibres out of 10 were intact and connected to the lead.   
 
Carbon Fibres 
Gold Lead 
Silver Epoxy Copper Tape 
~ 2 cm 
(b) 
Polymer Fibres Carbon Fibres 
Gold Lead 
Silver Epoxy Copper Tape 
~ 2 cm 
(a) 
Chapter 3. Fibre Array Electrodes 
96 
3.2.3.2. Accumulated Carbon Fibre Array Electrodes. The same fabrication method 
was used except more carbon fibres (7 µm, Goodfellow) were used and no polymer 
fibres were included. Thus, the accumulated carbon fibre array electrodes would have 
an inner random conducting network and the isolated carbon fibre array electrode 
would have no connection between each fibre except at the end were they are attached 
to the copper tape. 
 
3.2.4. Procedures. Before starting an electrochemical experiment, each electrode was 
polished with 1 µm, 0.3 µm and 0.05 µm alumina aqueous slurry successively. The 
electrode was sonicated in deionized water for 3 minutes between grades of alumina. 
Then the electrode was scanned from 1.5 V to - 1.5 V for 15 minutes in 0.1 M sulphuric 
acid and held at - 1.5 V for another 15 minutes. [190] All solutions were purged with 
nitrogen for 30 minutes before use to remove dissolved oxygen. The cyclic 
voltammetry experiments in Ru(NH3)6Cl3 in aqueous KCl solution started with a 
negative scan from 0.2 V to - 0.6 V and back to 0.2 V. The cyclic voltammetry 
experiments in equal concentrations of K3Fe(CN)6 and K4Fe(CN)6 in aqueous KCl 
solution started with a positive scan from 0 to 0.5 V and back to 0. The a. c. impedance 
was measured from 100 kHz to 0.1 Hz with 10 steps per decade. An AC voltage of 50 
mV in amplitude (peak to peak) was superimposed on a DC potential which was always 
set at the equilibrium potential of the K3Fe(CN)6 and K4Fe(CN)6 solution.  
 
 
3.3. Results and Discussion 
 
3.3.1. Carbon Fibre Array Electrode 
 
3.3.1.1. Cyclic Voltammograms 
 
The isolated carbon fibre array electrodes (without inner resistance between the 
carbon fibres) quasi-steady voltammetry (figure 3.2 (a)) has the shape of a typical 
microelectrode and diffusion limited current several times higher than a single fibre, 
which is what we expected.  
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Fig. 3.2. Cyclic voltammograms of (a) isolated carbon fibre array electrodes with different diameter 
and (b) accumulated carbon fibre (7 µm) array electrodes at 10 mV s
-1
 in 10 mM Ru(NH3)6Cl3 in 1 
M aqueous KCl. 
 
The accumulated carbon fibre array electrodes, which have inner resistance due to the 
contact of the carbon fibres, have a sloping diffusion limited current (figure 3.2 (b)). 
The only differences between these two types of carbon fibre array electrodes are the 
regularity of carbon fibre clusters on the surface and inner conducting network. The 
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sloping current can not be caused by the regularity because the accumulated carbon 
fibre array electrodes have their fibres closer and the overlap of diffusion layer would 
form a better defined limited current. Thus, the sloping current must be caused by the 
resistance between each conducting pathways. 
 
The effects of diffusion layer overlapping became more obvious when the scan rate 
was varied. For a single carbon fibre electrode, the diffusion limited current should not 
change over scan rate as long as 
2
0nFr
RTD
<<ν  (3.1) 
where r0 is the radius of the electrode. For D = 10
-5
 cm
2
 s and T = 298 K, the right side 
of equation (3.1) has a value of 4 V s
-1
 for a 5 µm (diameter) microelectrode; 2 V s
-1
 for 
a 7 µm (diameter) microelectrode; 1 V s
-1
 for a 10 µm (diameter) microelectrode; and 
110  mV s
-1
 for a 30 µm (diameter) microelectrode. [39] 
 
However, for an electrode array the overlapping of diffusion layer would be more 
important at slower scan rate, and the current would be smaller. For the isolated carbon 
fibre array electrodes, the increase of scan rate was not significant: from 107 nA at 10 
mV s
-1
 to 115 nA at 1 V s
-1
 (about 7 % increase). For the accumulated carbon fibre 
array electrodes, the current increased about 40 % from 10 mV
-1
 to 1 V s
-1
, which 
means the interference of diffusion layer was much stronger at this case.  
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Fig. 3.3. Cyclic voltammograms of (a) isolated carbon fibre array electrodes (10 µm) and (b) 
accumulated carbon fibre (7 µm) array electrodes at different scan rates in 10 mM Ru(NH3)6Cl3 in 1 
M aqueous KCl. 
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Fig. 3.4. Modelling results for a microelectrode array at different scan rates. From figure 2.10 (b), 
figure 2.11 (b) and figure 2.12 (b). 
 
Comparing the experimental results (figure 3.3) with our previous theoretical work 
on microelectrode arrays (figure 3.4), we can see a good qualitative agreement on the 
aspects of sloping diffusion limited current and the separation of the forward and 
backward waves at different scan rates. 
 
3.3.1.2. Calculation of Electrode Area 
 
It is important to know the area of the electrodes. But the area of an electrode 
contributed to the electrochemical reactions could be different under different 
experimental setups. At fast scan rate in cyclic voltammetry, a rough surface of an 
electrode would provide more current than a smooth surface of a similar size electrode. 
However, only the projected area of an electrode would be counted at slow scan rate 
when the diffusion layer is in a hemi-spherical shape. So the actual area of a rough 
microelectrode contributing to electrochemical reactions would change for different 
scan rates. 
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The isolated carbon fibre array electrodes area could be calculated using: 
0
*4 rCnFDi OOss =  (3.2) 
where iSS is the steady-state current, n is the stoichiometric number of electrons 
involved in an electrode reaction (1 in Ru(NH3)6Cl3 solution); F is the Faraday constant 
(9.64853 × 10
4
 C); DO is the diffusion coefficient of the oxidized species (9.1 × 10
-6
 
cm
2
 s
-1
 [52] [55]); CO
*
 is the bulk concentration of the oxidized species (10 mol m
-3
 in 
our solution) and r0 is the radius of the disk electrode.  
 
Since the carbon fibres in the electrodes were well separated, the current response of 
each carbon fibre would have minor effects from other fibres, and the overall current 
response should be the sum of the current from every single carbon fibre. Thus, 
equation (3.2) could be rewritten as:  
0
*4 rCnFDNi OOss =  (3.3) 
 
where N is the number of conducting carbon fibres in an electrode. 
 
 Assuming all the carbon fibres have the same diameter as labelled, we could calculate 
N and the electrode area using N multiplied by the area of a single carbon fibre. 
Although the assumption of uni-sized carbon fibres was not true, it does not affect the 
calculation of overall electrode area.  
 
Table 3.1. The number of conducting carbon fibres and the total electrode area. 
Isolated carbon fibre 
array electrode 
iSS (measured) / nA 
iSS (for single 
carbon fibre) / nA 
N Area / µm
2
 
5 µm 32.5 8.78 3.70 72.71 
10 µm 110.0 17.56 6.26 492.06 
30 µm 426.4 52.68 8.09 5722.16 
 
The number of conducting carbon fibres calculated from steady-state current were 
not integers, which indicated that the fibres were not uni-sized. The fact that the 
number are not close to 10 (the number of carbon fibres we put in) means several 
carbon fibres were broken inside the electrodes. The N value increases as the carbon 
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fibre diameter increases, because smaller carbon fibres are extremely delicate and prone 
to break. 
 
3.3.1.3. A. C. Impedance 
 
a) Single Carbon Fibre Electrode 
 
Before applying a. c. impedance technique to different carbon fibre array electrodes, 
a single carbon fibre electrode with series of resistance was tested using the technique 
for a reference. The 30 µm disk electrode was made using a similar procedure as 
indicated above.  
 
The single carbon fibre electrode showed an a. c. impedance curve with a semicircle 
at high frequency, and a second semicircle at low frequency due to the finite size of the 
electrochemical cell (see charpter 1.3.5.2). After adding a resistance between the 
electrode and potentiostat, the first semicircle decreased. But both values increased with 
increasing resistance. Solution resistance RΩ increased significantly after the resistance 
became larger than 1 kΩ.  When the resistance became larger then 1 MΩ, the kinetic 
controlled part (the first semicircle) would not be identified and only the mass transfer 
controlled part (the second semicircle) would be seen. 
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Fig. 3.5. A. C. Impedance experiments of a single carbon fibre electrodes (30 µm) at E1/2 (- 0.22 V ~ 
- 0.24 V) in equal concentrations of 10 mM K3Fe(CN)6 and 10 mM K4Fe(CN)6 in 1 M aqueous KCl. 
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The shift of first semicircle would be explained by a circuit (figure 3.6) modified 
from the original Randles equivalent circuit (figure 1.5).  
 
Fig. 3.6. Modified Randles equivalent circuit where an outside resistance R was implanted. 
 
The implanted resistance R was added before the ohmic solution resistance RΩ. As a 
result, equation (1.15) at high frequency range was changed to 
22
Im
2
Re )2/()2/( ctct RZRRRZ =+−−− Ω  (3.4) 
And equation (1.13) at low frequency range was changed to 
dct CRRRZZ
2
ReIm 2σ+−−−= Ω  (3.5) 
 
 
When the series resistance R was added, there would be an ohmic drop in the circuit 
and a potential drop on the electrode’s surface would occur. If R was small, the 
potential drop on the electrode’s surface would be small; and the change of 
overpotential η would be small so that the kinetic of the electrochemical reaction should 
not change much and Rct should not change much. Holding this assumption, when R 
increases, the centre of the first semicircle will shift to the right. This agrees with 
experimental data.  
 
However, the amplitude of the AC voltage applied in these experiments would 
decrease as R increased. The effect of this change was not significant when R was small 
(comparable to the solution resistance, RΩ). But when R became much larger than RΩ, 
the amplitude of the AC voltage decreased sharply. As a result, the measurements were 
more likely to be influenced by noise. The experiment with 1 MΩ resistance became 
RΩ 
Cd 
Rct 
R 
ZW 
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noisy at high frequence. Only the second semicircle could be observed therefore no 
data could be abstracted.  
 
Table 3.2. Results from fitting the curves in figure 3.5 using the modified Randles equivalent circuit 
(figure 3.6). 
R / Ω RΩ / Ω  
RΩ / Ω 
(subtracted) 
Rct / Ω Cd / µF cm
-2
 k
0
 / cm s
-1
 
0 (no 
resistance) 
2.8 × 10
3
 2.8 × 10
3
 6.5 × 10
5
 32 4.3 × 10
-3
 
9.96 × 10
1
 1.6 × 10
3
 1.5 × 10
3
 3.8 × 10
5
 26 7.4 × 10
-3
 
9.96 × 10
2
 4.3 × 10
3
 3.3 × 10
3
 4.6 × 10
5
 28 6.1 × 10
-3
 
9.97 × 10
3
 2.8 × 10
4
 1.8 × 10
4
 3.8 × 10
5
 32 7.4 × 10
-3
 
1.00 × 10
5
 2.2 × 10
5
 1.2 × 10
5
 3.1 × 10
5
 51 9.0 × 10
-3
 
1.00 × 10
6
 No high frequency semicircle present because of noise 
 
 The accuracy of the data depends on the curve fitting. With different manual fitting 
preference, the error of the data can be ± 10 %. 
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Fig. 3.7. RΩ obtained from figure 3.5 by curve fitting. 
 
As shown in table 3.2, RΩ, Rct and Cd all dropped when a small resistance (100 Ω) 
was implanted in the system. The reason for this is not clear yet. 
 
The solution resistance RΩ we measured from A. C. Impedance data increases 
proportionally with the implanted resistance R. But this RΩ actually includes R as well 
as the real RΩ from the solution. A subtracted RΩ was obtained by subtracted R from the 
RΩ we measured. Interestingly, the subtracted RΩ also changed proportionally with R. 
The reason for this change is not clear and may require further investigation. 
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Fig. 3.8. Rct and Cd obtained from figure 3.5 by curve fitting. 
 
There is no clear trend of how charge transfer resistance Rct changes with R. Actually 
the numbers are in a close range (300 kΩ to 500 kΩ) which indicating Rct may not 
change with R at all. As a result, rate constant k
0
 also stayed in a close range (6 × 10
-3
 
cm s
-1
 to 9 × 10
-3
 cm s
-1
) with minimum changes, as expected; because the resistance 
implanted should not affect the kinetic of given redox couples.  
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Double layer capacitance Cd decreased when R was firstly implanted in the system; 
but increased gradually as R increased, finally to the value (9477 µF cm
-2
) similar to 
those of high surface area carbon fibres [191] [192]. This is probably due to the fact 
that Cd usually depends on the potential on electrode’s surface which is a function of 
series resistance R.  
 
b) Carbon fibre array electrodes 
 
After the single carbon fibre experiments, isolated carbon fibre array electrodes was 
tested using a. c. impedance technique. The electrodes were first tested in 10 mM 
Ru(NH3)6Cl3 in 1 M aqueous KCl.  
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Fig. 3.9. A. C. Impedance experiments of isolated carbon fibre array electrodes (5 µm, 10 µm and 
30 µm) at E1/2 (- 0.2 V) in 10 mM Ru(NH3)6Cl3 in 1 M aqueous KCl. 
 
All 3 types of electrodes showed nice semicircles indicating a well defined kinetic 
controlled region (figure 3.9 and figure 3.10). The fact that we did not observed straight 
lines after the semicircles indicated that the kinetics on these electrodes were very fast, 
and the diffusion control part may only be observed at lower frequency. Electrodes with 
thicker carbon fibres have smaller semicircles indicating smaller Rct (table 3.3). The 
decrease of Rct comes from the increasing electrodes surface area. The values of Cd are 
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in the range of thousands of micro farad per square centimetre because only one species 
were present.  
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Fig. 3.10. A. C. Impedance experiments of isolated carbon fibre array electrodes (5 µm, 10 µm and 
30 µm) at E1/2 (- 0.25 V) in equal concentrations of 10 mM K3Fe(CN)6 and 10 mM K4Fe(CN)6 in 1 
M aqueous KCl. 
 
Table 3.3. Experimental results based on figure 3.10. 
10 mM Ru(NH3)6Cl3 in 1 M aqueous 
KCl 
Equal concentrations of 10 mM K3Fe(CN)6 and 
10 mM K4Fe(CN)6 in 1 M aqueous KCl 
Isolated carbon 
fibre array 
electrode RΩ / Ω Rct / Ω Cd / µF cm
-2
 RΩ / Ω Rct / Ω Cd / µF cm
-2
 k
0
 / cm s
-1
 
5 µm 0 4.0 × 10
6
 1200 0 1.7 × 10
6
 44  8.1 × 10
-3
 
10 µm 1.1 × 10
5
 1.1 × 10
6
 3400 0 4.8 × 10
5
 22 1.3 × 10
-2
 
30 µm 9.1 × 10
3
 2.9 × 10
5
 9100 0 4.1 × 10
4
 15 1.3 × 10
-2
 
 
Similar to previous experiments, the accurray of the data depends on the curve fitting. 
The error of the data from table 3.3 was less than 4 % due to almost perfect simicircles.  
 
k
0
 was measured using impedance technique in order to get more information about 
the kinetics of the electrodes. But according to equation (1.17), the concentrations of 
both species were needed for calculation. Besides, the equilibrium potential Eeq cannot 
be achieved when only one species were presented. We tested the same electrodes 
again in equal concentrations of 10 mM K3Fe(CN)6 and 10 mM K4Fe(CN)6 in 1 M 
aqueous KCl. The A. C. Impedance data showed 2 semicircles similar to single carbon 
fibre experimental data. Rct decreased as the electrodes surface area getting bigger, 
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which has a similar trend as previous experiments. But Cd per unit area also decreased 
in these experiments, indicating the edge effects on bigger electrodes were not as 
significant as they were on smaller electrodes. The values of k
0
 were smaller then those 
from a freshly cut carbon fibre electrode, 0.12 cm s
-1
 [193], or a laser activated carbon 
fibre electrode, 0.37 cm s
-1
 [48]. While laser activated electrodes usually have higher 
rate constant than the untreated electrodes, the difference between our electrodes and 
the Hsueh’s electrodes may caused be several reasons: the Fe(CN)6
3-/4-
 response 
deteriorated after the electrode was exposed to positive potentials [193]; and because 
the electrodes freshly cut by scalpels were more likely to have cracks on the surface 
than the ones been gently polished, the surface areas of their electrodes would be much 
bigger than the geometric areas. 
 
 
 
 
 
 
 
 
 
Fig. 3.11. Concentration profile of (a) a rough surface and (b) a partially activated electrode. (T. 
Pajkossy, Electrochemistry at Fractal Surfaces, Journal of Electroanalytical Chemistry, 1991. 300, 
p. 1) 
 
 
3.4. SEM 
 
3.4.1. Electrodes Surface Area 
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It is always important to know the surface area of an electrode. Although the 
diameters of the carbon fibres we purchased were given by the manufacturer, the 
tolerance limit for these micro-metre sized fibres are usually quite high (± 25 %, 
http://www.goodfellow.com/csp/active/gfHome.csp), which could lead to an up to ± 50 
% difference in electrode area.  
 
We used 2 methods to measure the electrodes area. One method is using the electrode 
to measure the diffusion limited current of a certain redox couples and calculate the 
surface area using equation (3.1).  
 
Another method is to look at the electrodes under the microscope and calculate the 
area by image analyzing. Silver was deposited on electrodes surface to indicate the 
conducting fibres since a few fibres might be broken during the casting process.  
 
3.4.2. Silver Deposit 
 
Chemicals. Silver deposition experiments were undertaken using 100 mg KAg(CN)2 in 
10 ml aqueous solution. 2 M NH4OH solutions were used for cleaning. 
 
Instrumentation.  A Thurlby power supply (RS Components Ltd., 30V-2A) and a 
digital multimeter (Keithley, 195A) were used in these experiments.  
 
Procedures. The powder supply, digital multimeter, resistance, counter and coating 
electrode were connected as the circuit shown in figure 3.11. The counter and coating 
electrode were dipped into potassium silver cyanide solution. After coating, the 
electrodes were rinsed in ammonium hydroxide solution and stirred for 1 hour and then 
rinsed with water thoroughly.  
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Fig. 3.12. Circuit for Ag coating. 
 
The voltage of the power supply and the resistance were chosen to give the electrode 
/ circuit enough current for Ag deposition. Janz ([194]) mentioned different growth 
mechanisms could be observed at different current densities: at low current density 
(below 3 mA cm
-2
), the Ag layer grew only at a few places but would spread to open 
areas until various patches had grown together; In the range of 3 to 18 mA cm
-2
, the 
polarization initially is great enough to promote the uniform growth of a dense red-
brown layer; at high current density (above 18 mA cm
-2
), the silver layer first become 
dark, and then change though various colours until finally a white layer was obtained. 
Janz also suggested a low current density of 0.4 mA cm
-2
 for 6 hours for Ag deposition 
was favoured.  
 
However, silver layer does not grow on our carbon fibre array electrodes under such 
condition. The surface areas of our electrodes vary from less than 100 µm
-2
 to a few 
thousand µm
-2
. Thus the current required varies from less than 1 nA to several nA. Such 
low current would be easily disturbed by the electronic noise in the atmosphere. Higher 
current density was used instead. Since single carbon fibre has a relatively big 
resistance from a few kilo-ohms to hundreds of kilo-ohms, depending on the size and 
length of the fibre, the resistance in circuit (figure 3.11) was omitted in later 
experiments.  
 
In the next silver deposition experiment, the carbon fibre electrodes were given a 3.6 
V potential for 10 seconds. The current passed through various from about 10 µA to 40 
V 
A 
Counter 
Coating 
Electrode 
R 
+ - 
Cell 
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µA. In this case, a silver layer could be observed but we have no control regarding 
whether the silver under-grew or over-grew on the electrode surface. 
 
  In order to deposit the exact amount of silver to just cover the electrodes surface, we 
developed a method using step current coating combined with microscopic observation. 
Firstly, we applied cyclic voltammetry in KAg(CN)2 solution using the carbon fibre 
array electrodes. Typical voltammograms was shown below (figure 3.12). A negative 
scan started at 0.2 V. The silver deposition peak happened around – 0.1 V. And the 
stripping peak was observed on the second half of the scan. If only a negative sweep 
voltage was applied (from 0.2 V to – 0.3 V), only very small amount of silver was 
observed under the microscope. So an over-potential must be used to deposit enough 
silver on the electrodes. 
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Fig. 3.13. Cyclic voltammograms of an isolated carbon fibre array electrodes (30 µm) at 100 mV s
-1
 
in 100 mg KAg(CN)2 in 10 ml aqueous solution. 
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Fig. 3.14. Silver deposition of an isolated carbon fibre array electrodes (30 µm) at - 0.8 V for 2 s 
and - 0.5 V for 20 s in 100 mg KAg(CN)2 in 10 ml aqueous solution. 
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Fig. 3.15. Cyclic voltammograms of an isolated carbon fibre array electrodes (10 µm) at 100 mV s
-1
 
in 100 mg KAg(CN)2 in 10 ml aqueous solution. 
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Fig. 3.16. Silver deposition of an isolated carbon fibre array electrodes (10 µm) at - 0.8 V for 15 s 
and - 0.5 V for 60 s in 100 mg KAg(CN)2 in 10 ml aqueous solution. 
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Fig. 3.17. Cyclic voltammograms of an isolated carbon fibre array electrodes (5 µm) at 100 mV s
-1
 
in 100 mg KAg(CN)2 in 10 ml aqueous solution. 
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Fig. 3.18. Silver deposition of an isolated carbon fibre array electrodes (5 µm) at - 1 V for 20 s and - 
0.45 V for 400 s in 100 mg KAg(CN)2 in 10 ml aqueous solution. 
 
Secondly, the electrodes were cleaned as described in procedures (3.2.4) and 
subjected to a two steps of constant voltage coating. In the first step, the voltage (E1) 
was chosen as the diffusion limited steady status potential from previous cyclic 
voltammetry experiments. The electrodes were coated for a short period of time at E1 in 
order to create some nucleation sites on the fibres. In the second step, the voltage (E2) 
was chosen as E1/2 from previous experiments. The electrodes were coated for a longer 
period of time (a few minutes depends on different electrodes). In this step, the silver 
layer grew slowly until they merged together. This process was closely monitored 
under a microscope several times every few seconds. And the process was stopped 
when a first uniform covered carbon fibre was observed. At this time, some other fibres 
may only partially covered by silver indicating a difference between the fibres.  
 
The coating curve for 30 µm and 10 µm carbon fibre array electrodes were smooth 
and clear. However, the current response for 5 µm carbon fibre array electrodes were a 
lot noisy and had mini-steps, which means the contact of the electrode was poor. 
 
3.4.3. SEM Images 
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Fig. 3.19. SEM images of a 5 µm carbon fibre array electrode. The white spots indicating the silver 
layer on carbon fibres and the grey spots indicating the polymer fibres (17 µm). 
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Fig. 3.20. SEM images of a 10 µm carbon fibre array electrode. The white spots indicating the silver 
layer on carbon fibres and the grey spots indicating the polymer fibres (17 µm). 
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Fig. 3.21. SEM images of a 30 µm carbon fibre array electrode. The white spots indicating the silver 
layer on carbon fibres and the grey spots indicating the polymer fibres (17 µm). 
 
The SEM images were loaded into data processing software (Igor 5.0). A threshold 
could be easily set since the contrast between the silver layer, polymer fibre and 
background is quite significant. Holding this threshold and knowing the size of every 
pixel, the surfaces area of carbon fibre array electrodes could be calculated by counting 
the pixels in these SEM images.   
 
Table 3.4. The diameter of carbon fibres and the total area of the electrode calculated from SEM 
comparing with the results from cyclic voltammetry experiments.  
Cyclic voltammetry SEM Isolated carbon fibre 
array electrode N Area / µm
2
 N Diameter / µm * Area / µm
2
 Ag coverage % * 
5 µm 3.70 73 5 7 ± 1 195 100 ± 0 
10 µm 6.26 490 6 10 ± 1 430 78 ± 35 
30 µm 8.09 5720 9 35 ± 1 5060 59 ± 21 
* mean ± standard deviation  
 
The SEM analysis showed some agreement with the results from cyclic voltammetry, 
yet it gave more details about the electrodes. The actual diameter of the carbon fibres 
Polymer Fibres 
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were generally larger than the number given by the manufacturer. The actual numbers 
of connected fibres are 5, 6 and 9 for the same 5 µm, 10 µm and 30 µm respectively. 
The 5 µm isolated carbon fibre array electrode showed big difference regarding N and 
electrode area. It seemed by using a slightly higher E1 in the coating process more 
carbon fibres became electrochemical active than they would at lower potential. The 2 
sets of data for 10 µm isolated carbon fibre array electrode are quite consistent. In fact 4 
out of 6 carbon fibres were fully covered by a silver layer and only 2 fibres are partially 
covered. Where as in the 30 µm isolated carbon fibre (from a different supplier) array 
electrode, only one carbon fibre were fully covered by silver and the other 8 fibres were 
covered between 27 % to 82 %. This indicated certain degree of difference between the 
fibres.  
 
The low silver coverage on 30 µm carbon fibres comparing to other fibres could be 
caused by different silver growth sites or the physical properties such as hardness. From 
figure 3.20, it seems the silver usually starts growth on the edge and some certain sites 
of the fibres to form a layer. Afterward, the silver grew on the top of this layer rather 
than spread over the surface. Another possible answer is that the 30 µm carbon fibres 
are more fragile. When they were cut by the saw or polished, the carbon fibres cracked 
to form an uneven surface [195]. Some fibres had deep holes while others had relatively 
smoother surface. When the silver started to grow, it filled the lower part of the surface 
first and continued to grow on the top. If the fibre surface had deep cuts, only part of 
the surface would be covered by silver. Otherwise if the fibre surface is smooth, the 
whole surface would be covered.  
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Fig. 3.22. Silver layer growth on rough carbon fibre surface. 
 
 
3.5. Microscopic Images and Regularity Calculation  
 
The carbon fibre electrodes were examined under a microscope. The isolated ones 
showed a good separation between each fibre and the accumulated ones showed several 
clusters as well as some individual fibres. In order to describe the separation 
quantitatively, regular index (RI), Ripley’s K function and L function were used to 
check the regularity of carbon fibre array electrodes.  
 
Image processing. A microscope (Leica, model MZ16FA) and a digital camera (Sony, 
Cybershot DSC 727) were used to obtain the pictures of carbon fibre array electrodes’ 
surface. The images were then loaded into data processing program (Igor 5.0) and 
converted to grey scale images. The numbers of fibres were counted and the exact 
positions of each fibre were recorded.  
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Fig. 3.23. Accumulated carbon fibre array electrode surface through a microscope. 
 
The images (figure 3.23) showed that there are a small amount of isolated carbon 
fibres, but most of them formed clusters with different sizes.   
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Calculating Regularity Index (RI) and Ripley’s K function. Although we were able 
to see the separation and clustering of carbon fibre array electrodes, Regularity index 
and Ripley’s K function / L function [196] were used to describe the separation / 
clustering more quantitatively. For a number of events in a closed proximity, RI was 
defined as the fraction of mean and standard deviation of the distance between each 
event.  
2
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where dij is the distance between event i and j; N is the number of total events. 
 
Ripley’s K function provides more visual information by comparing to Poisson’s 
distribution. The definition of the K function is as follow: 
( ) EhK =λ (the number of events within distance h of an arbitrary event) (3.9) 
where λ is the intensity or mean number of events per unit area. A suitable estimate of 
K(h) is given by: 
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 (3.10) 
where R is the area of region; dij is the distance between the i
th
 event and j
th
 event in the 
region; Ih(dij) is the indicator function which is 1 if dij ≤ h and 0 otherwise; and wij is the 
conditional probability that an event is observed in the region, given that it is a distance 
dij from the i
th
 event.  
 
L(h) is often used as an exploratory tool by comparing K(h) estimated from the 
observed data with πh
2
. 
( ) ( )
π
hK
hL =  (3.11) 
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Comparing L(h) with Poisson’s distribution, f(h) = h, one would be able to tell if the 
events have a clustering at that scale, which is above the line, or greater regularity then 
the Poisson’s distribution, which is under the line. 
 
 
Fig. 3.24. The K(h) / L(h) function for large pattern containing many events. 
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Fig. 3.25. L(h) for (a) an isolated 5 um carbon fibre array electrode; (b) an isolated 10 um carbon 
fibre array electrode; (c) an isolated 30 um carbon fibre array electrode and (d) an accumulated 7 
um carbon fibre array electrode. The maximum value of h in each figure equals to one-tenth of the 
diameter of the electrode respectively. The solid line indicate the Possion distribution.  
 
(c) 
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Although both types of carbon fibre array electrodes have a similar RI value around 2, 
the L function (figure 3.23) shows huge difference between the isolated carbon fibre 
array electrodes and accumulated carbon fibre electrode. The isolated carbon fibre array 
electrodes have their L function close to the Poisson’s distribution. While the 
accumulated carbon fibre array electrode showed aggregation throughout the scale and 
reached as high as 5 times the value of the Poisson’s distribution, which indicating 
strong clustering on the electrode surface at all scales.  
 
3.6. Gold Fibre Array Electrodes 
 
As discussed before, the sloping diffusion limited current of accumulated carbon 
fibre array electrodes should come from the internal resistance of each conducting 
pathway. In order to confirm our hypothesis, gold fibre array electrodes were 
constructed since the gold fibres have very low resistance which would be neglected.  
 
Two types of gold fibre array electrodes were constructed similar to carbon fibre 
array electrodes: isolated and non-isolated. 10 gold fibres (25 µm, Advent) were 
implanted in each electrode. Additional polymer fibres were implanted in the isolated 
electrodes. Thus, the isolated electrodes had each of their fibres separated from other 
fibres, and the non-isolated electrodes had some degree of inter-connection between the 
gold fibres. 
 
 The electrodes were tested in 10 mM Ru(NH3)6Cl3 in 1 M aqueous KCl. The cyclic 
voltammograms showed no significant difference in shape, which reconfirmed our view 
on the sloping diffusion current.  
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Fig. 3.26. Cyclic voltammograms of (a) isolated gold fibre (25 µm) array electrodes and (b) non-
isolated gold fibre array electrodes at different scan rates in 10 mM Ru(NH3)6Cl3 in 1 M aqueous 
KCl. 
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Table 3.5. Experimental results based on figure 3.26. 
Isolated gold fibre array electrode Non-isolated gold fibre array electrode 
v / V s-1 
il / nA Cd / µF * il / nA Cd / µF * 
10 - 662 0.177 - 492 0.110 
20 - 681 0.213 - 521 0.167 
50 - 730 0.208 - 570 0.189 
100 - 802 0.161 - 578 0.132 
* Cd calculated from (∆i / 2v) at 0.18 V.  
 
The diffusion limited currents of gold fibre array electrodes were 50 % more than 
theoretical value (440 nA) calculated from equation (3.1). This may due to several 
possibilities. Firstly, the diameters of the gold wires might be bigger than 25 µm. 
Secondly, the inclination of the gold fibres will change the area. When the electrodes 
were cut, the gold fibre discs had the shape of ellipses rather than circle and their 
surface areas also increased. A 45° angle can increase the area by 40%. And thirdly, the 
gold particles came off during the polishing process may form a thin layer near the 
electrode and increased the electrode surface area.   
 
 
3.7. Conclusion 
 
 The experiments on carbon fibre array electrodes showed that a sloping diffusion 
limited current could be caused by the internal resistance in the electrodes. The shape of 
the voltammograms is exactly the same as we predicted in the previous numerical 
model. The experiments on gold fibre array electrodes further proved our model. 
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Chapter 4. Glassy Carbon - Epoxy Composite Electrodes 
 
 
 
··· scientific work must not be considered from the point of view of the direct usefulness 
of it. It must be done for itself, for the beauty of science, and then there is always the 
chance that a scientific discovery may become like the radium a benefit for humanity. - 
Marie Curie 
 
 
 
4.1. Introduction 
  
Packing glassy carbon spherical powders with epoxy provides a relatively simple 
model for conducting composite electrodes. The glassy carbon powders are rigid and 
spherical, which means the contact between them will be point-to-point touch. And we 
do not need to worry about whether the contact points have more base planes or edge 
planes since glassy carbon is relatively homogeneous [42]. We chose these materials 
also because of their widely use in electrochemistry [64] [68] [101].  
 
 
4.2. Experimental  
 
4.2.1. Chemicals. All chemicals were reagent grade and used without further 
purification. Voltammetric experiments were undertaken using 10 mM Ru(NH3)6Cl3 in 
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1 M KCl aqueous solution. Equal concentrations of 10 mM K3Fe(CN)6 and 10 mM 
K4Fe(CN)6 in 1 M KCl aqueous solution was used for a. c. impedance experiments.  
 
4.2.2. Instrumentation. All cyclic voltammetry experiments were performed using a 
potentiostat (CH Instruments, model 650A). All the experiments were performed in a 
Faraday cage to reduce electrical noise. Ag|AgCl reference electrode (CH Instruments) 
and homemade platinum mesh counter electrode were used in all experiments. A low 
speed diamond saw (IsoMet
TM
, Buehler) with a diamond wafering blade (10LC, 
Buehler) were used for precise cutting of the electrodes.  
 
4.2.3. Glassy Carbon Spherical Powder Preparation. The untreated glassy carbon 
spherical powders (10-20 µm, Alfa, type 2) were not an ideal material for composite 
electrodes because they did not have many functional groups on the surface. In order to 
have better conductivity and surface electrochemistry, the glassy carbon powders were 
pretreated in 2 different ways for comparison. 
  
4.2.3.1. Reducing Agent Pretreatment. Glassy carbon spherical powder was 
pretreated in 10 mM boiling sodium cyanoborohydride in methanol solution and stirred 
for 2 hours and then washed with distilled water thoroughly and dried in vacuum 
containing silica gel for water adsorption. 
 
4.2.3.2. Acidic Pretreatment. Glassy carbon spherical powder (as received) was 
pretreated in 3 M boiling nitric acid and stirred for 2 hours and then washed and dried 
in a similar condition as stated above. 
 
4.2.4. Glassy Carbon – Epoxy Composite Electrode Fabrication. The pretreated 
glassy carbon spherical powder was mixed with epoxy resin and hardener (‘Araldite’ 
RX771C/NC and HY1300, 100:37 (v/v), Robnor Resins Ltd.) at different ratios (60:40, 
50:50 and 40:60 w/w). Glassy carbon spherical powder and epoxy resin was first mixed 
by hand until a smooth black paste was achieved. Hardener was then added to the paste, 
which was mixed again for a few minutes before being degassed under vacuum. Then 
the whole mixture was packed in a 2 mm plastic tube to form a cylinder shape and 
Chapter 4. Glassy Carbon – Epoxy Composite Electrodes 
136 
degassed again. Curing was achieved at room temperature for 72 hours to avoid any 
clustering. Once solid the electrode rods were then cut into slices of different 
thicknesses (0.5 mm, 1 mm and 2 mm) using a diamond saw and cleaned in ethanol and 
deionzed water. One side of the slice was then attached to a silver wire using silver 
epoxy; the other side would be used as electrode surface. The surrounding side was 
sealed in a plastic pipette tip using epoxy resin (Torr Seal).   
 
 
Fig. 4.1. Schematic drawing of a glassy carbon – epoxy composite electrode. 
 
4.2.5. Procedures. Before starting an electrochemical experiment, each electrode was 
polished with 1 µm, 0.3 µm and 0.05 µm alumina aqueous slurry, successively. The 
electrode was sonicated in deionized water between grades of alumina. Then the 
electrode was scanned from 1.5 V to -1.5 V for 15 minutes in 0.1 M sulphuric acid and 
held at -1.5 V for another 15 minutes. All solutions were purged with nitrogen for 30 
minutes before use to remove dissolved oxygen. The cyclic voltammetry experiments 
in Ru(NH3)6Cl3 in aqueous KCl solution started with a negative scan from 0.2 V to - 
0.6 V and back to 0.2 V. The cyclic voltammetry experiments in equal concentrations 
of 10 mM K3Fe(CN)6 and 10 mM K4Fe(CN)6 in aqueous 1 M KCl solution started with 
a positive scan from 0 to 0.5 V and back to 0. The a. c. impedance was measured from 
100 kHz to 0.1 Hz with 10 steps per decade. An AC voltage of 50 mV in amplitude 
(peak to peak) was superimposed on a DC potential which was always set at the 
equilibrium potential of the Fe(CN)6
3-/4-
.  
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Silver epoxy 
Glassy carbon – epoxy composite Epoxy resin 
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4.3. Results and Discussion 
 
4.3.1. Reducing Agent Pretreated Glassy Carbon - Epoxy Composite Electrodes  
 
10 mM Ru(NH3)6Cl3 in 1M aqueous KCl was used in all cyclic voltammetry  
experiments. Nine different types of glassy carbon - epoxy composite electrodes were 
studied by varying the GC : epoxy ratios from 60:40, 50:50 to 40:60 (w/w %) and 
electrode thicknesses from 0.5 mm, 1 mm to 2 mm. 
 
The cyclic voltammograms of glassy carbon - epoxy composite electrodes at slow 
scan rates has the current range similar to that of macro-electrodes and shape similar to 
microelectrode (figure 4.2). Two dominant characteristics are evident in these 
voltammograms: the shift of E1/2 and a sloping diffusion limited current. These are 
caused by the differences in resistance in each conducting pathways. Random packing 
can lead to conducting pathways of varying length and thus resistances between the 
electrical contact and the electrode surface would be varied according to their length. 
Each conducting pathway could have a resistance that may differ by a few orders of 
magnitude.   
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Fig. 4.2. Cyclic voltammograms of a glassy carbon – epoxy composite electrode (60:40, 0.5 mm) at 
10 mV s
-1
 in 10 mM Ru(NH3)6Cl3 in 1 M aqueous KCl. E1/2 = - 0.213 V, (E3/4 – E1/4)  = 82 mV.  
 
id 
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Because there is no previous study on how to quantify id on this specific shape of 
voltammograms, we defined id as the current difference between the steady non-faradic 
current at the beginning of the scan and the second slop changing point. (figure. 4.2) 
 
Voltammograms of different composite ratios and different electrode thicknesses 
were compared. Increasing E1/2 and decreasing current is observed with decreasing 
composite ratios (figure 4.3). Increasing the electrode thickness has a similar effect 
(figure 4.4). This is due to, in both cases, the fact that fewer conducting pathways exist 
and more resistance is embedded in each pathway respectively.  Increasing the scan 
rates from 10 mV s
-1
 to 1 V s
-1
 increases the current response (figure 4.5). 
 
 
Fig. 4.3. Cyclic voltammograms of glassy carbon – epoxy composite electrodes (0.5 mm) with 
different GC : epoxy ratio at 10 mV s
-1
 in 10 mM Ru(NH3)6Cl3 in 1 M aqueous KCl. 
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Table 4.1. Experimental results based on figure 4.3. 
GC : epoxy ratio id / nA * E1/2 / V * (E3/4 – E1/4) / mV * 
60 : 40 - 490.5 ± 7.8 - 0.248 ± 0.003 115.1 ± 3.7 
50 : 50 - 380.7 ± 28.2 - 0.269 ± 0.020 141.2 ± 27.7  
40 : 60 - 280.0 ± 11.3 - 0.514 ± 0.002 325.6 ± 16.5 
* mean ± standard deviation. (n = 3) 
 
 
 
Fig. 4.4. Cyclic voltammograms of glassy carbon – epoxy composite electrodes (60:40) with 
different electrode thickness at 50 mV s
-1
 in 10 mM Ru(NH3)6Cl3 in 1 M aqueous KCl. 
 
Table 4.2. Experimental results based on figure 4.4. 
Thickness / mm iw / nA * E1/2 / V * (E3/4 – E1/4) / mV * 
0.5 - 596 ± 4 - 0.253 ± 0.009 126.9 ± 0.2 
1 **    
2 **    
* mean ± standard deviation. (n = 3) 
** The voltammograms of 1 mm and 2 mm thick electrodes were straight lines and no data could be 
extracted. 
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The voltammograms for a glassy carbon – epoxy 60:40, 1 mm thick electrode showed 
huge shift in E1/2 that can not be measured in such experimental setup. The 
voltammograms for a 2 mm thick glassy carbon – epoxy electrode with the same ratio 
became pure resistance: a straight line without and any identical kinetic figures. (figure 
4.4.) 
 
The capacitance of the 0.5 mm thick electrode was much higher then the capacitance 
of 1 mm thick and 2 mm thick electrodes. This also indicated that the number of 
conducting pathways or the activated surface area in the 0.5 mm electrode were much 
higher than the thicker electrodes. 
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Fig. 4.5. Cyclic voltammograms of a glassy carbon – epoxy composite electrode (60:40, 0.5 mm) 
with different scan rate in 10 mM Ru(NH3)6Cl3 in 1 M aqueous KCl. 
 
Table 4.3. Experimental results based on figure 4.5. 
v / mV s
-1
 id / nA * E1/2 / V * (E3/4 – E1/4) / mV * 
10 - 490.5 ± 7.8 - 0.248 ± 0.003 115.1 ± 3.7 
100 - 749.4 ± 28.0 - 0.280 ± 0.005 158.8 ± 8.3 
1000 - 894.5 ± 1.7 - 0.291 ± 0.001 168.3 ± 0.4 
* mean ± standard deviation. (n = 3) 
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Fig. 4.6. Diffusion limited current vs. the square root of scan rate for 0.5 mm thick 60:40 glassy 
carbon – epoxy composite electrodes in 10 mM Ru(NH3)6Cl3 in 1 M aqueous KCl. 
 
The diffusion limited current increased linearly with the square root of the scan rate 
as macro-electrodes. The increase of E1/2 and ∆Ep with scan rates indicates that the 
kinetics became worse at higher scan rates. This agrees with our numerical model. The 
conducting pathways with large resistances had worse kinetics than the ones with small 
resistances. And the kinetics of the whole electrode largely depended on the less 
conducting pathways. At higher scan rates, the effects of overlapping diffusion layer 
were less significant. But at slower scan rates, a large uniform diffusion layer was 
formed. The species near the less conducting pathways could also be oxidized / reduced 
by other pathways. And the overall kinetics was improved in such a way as shown in 
the schematic in figure 4.7.  
  
Chapter 4. Glassy Carbon – Epoxy Composite Electrodes 
142 
 
Fig. 4.7. Diffusion layer formed at different scan rates on a composite electrode.  
 
4.3.2. Acidic Pretreated Glassy Carbon - Epoxy Composite Electrodes  
 
The different pretreatment of glassy carbon using nitric acid was compared with 
previous experimental results. The cyclic voltammograms (figure 4.8) of these 
electrodes also have sloping currents. But the current responses are much higher 
comparing with the electrodes pretreated with sodium cyanoborohydride. This indicate 
that acid pretreated glassy carbon spherical powders are more electrochemical active 
than reducing agent pretreated ones. The capacitance for these electrodes was also 
higher compared to the reducing agent pretreated electrodes, which indicates the 
presence of more oxygen functional groups on the surface. 
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Fig. 4.8. Cyclic voltammograms of an acidic pretreated glassy carbon – epoxy composite electrode 
(60:40, 0.5mm) at different scan rate in 10 mM Ru(NH3)6Cl3 in 1 M aqueous KCl. 
 
4.3.3. Titration 
 
The acidic and basic surface sites can be characterized by titration measurements [75]. 
Titration experiments were carried out on the untreated glassy carbon spherical powder 
and the pretreated powders. 2 gram of sample was added in 20 ml of 0.1 M sodium 
chloride and titrated with 0.1 M hydrochloric acid till the pH of the solution became 
stabilized (around pH 2 to 3). Following this, 0.1 M sodium hydroxide solution was 
then added gradually till the pH became stabilized again (around pH 11 to 12). The 
solution of acidic pretreated glassy carbon spherical powder has a very low pH, so only 
base titration was applied.  
 
 Sodium hydroxide titrates carboxyl, lactone and phenolic groups [41]. So if the 
glassy carbon powders contain more of these functional groups, their titration curve for 
NaOH will be longer. The pH of immersion depends on the type and the concentration 
of pretreatment. Carbon pretreated with more concentrated acid has lower pH of 
immersion [69]. 
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Figure 4.9 shows that the titration curves of untreated glassy carbon spherical 
powders and reducing agent pretreated glassy carbon spherical powders are of the 
similar shape, but the reducing agent pretreated ones have more functional groups on 
the surface and an increased buffer capacity. The acidic pretreated glassy carbon 
spherical powders has a low pH in the start and a much increased buffer capacity.  
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Fig. 4.9. Titration using acid/ base on untreated glassy carbon, acidic pretreated glassy carbon and 
reducing agent pretreated glassy carbon. The negative volume refers to the backward titration using 
acid and the positive volume refers to the forward titration using base. 
 
 Since certain functional group has its own pH range (carboxyl: 2.5 to 4.5; lactone: 4.5 
to 8.0; and phenol: 8.0 to 10.5) [69], we can tell from figure 4.9 that: reducing agent 
pretreated glassy carbon powders contain more carboxyl than untreated glassy carbon 
powders do; and acidic pretreated glassy carbon powders probably have similar amount 
of carboxyl with the reducing agent pretreated ones, but they have more lactone and 
phenolic groups. 
 
Considering the functional groups are the places where electrochemical reactions take 
place [77], the titration experiments showed an agreement with cyclic voltammetry 
experiments: acidic pretreated glassy carbon – epoxy composite electrodes have more 
functional groups and activated areas on the surface and bigger current response in 
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cyclic voltammograms; reducing agent pretreated glassy carbon - epoxy composite 
electrodes have less comparing to acidic pretreated one, but they still have more 
functional groups than the untreated glassy carbon. 
 
4.3.4. Cyclic Voltammetry of Reducing agent Pretreated Glassy Carbon – Epoxy 
Composite Electrodes in  Fe(CN)6
3-/4-
. 
 
In order to calculate k
0
 from a. c. impedance technique, it is necessary to know the 
bulk concentrations of both redox couples. We used mixed potassium ferricyanide and 
potassium ferrocyanide since they are well characterized and easy to obtain. Different 
concentrations were measured for comparison.  
 
The cyclic voltammograms of these solutions are different from the usually 
voltammograms obtained using one redox couple in 2 ways: the baselines of these 
voltammograms were shifting, which may caused by the resistance in each conducting 
pathways; there was an initial current drop at the beginning of the voltammetry 
experiments, which may be the results of reduction of potassium ferricyanide.   
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Fig. 4.10. Cyclic voltammograms of a glassy carbon – epoxy composite electrode (60:40, 0.5 mm) 
at 10 mV s
-1
 in equal concentrations of K3Fe(CN)6 and K4Fe(CN)6 in 1 M aqueous KCl. 
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A finite element model similar to the one in chapter 2 was built to study the equal 
concentrations condition. A single 30 µm disc microelectrode was modelled in a 
solution containing the same concentrations of both redox couples. Figure 4.11 showed 
the modelling results. A current drop at the beginning of the experiment was observed 
in this model similar to previous experimental results.  
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Fig. 4.11. Simulation results of a 30 µm disc electrode at 10 mV s
-1
 and 100 mV s
-1
 in equal 
concentrations of 10 mM K3Fe(CN)6 and 10 mM K4Fe(CN)6 in 1 M aqueous KCl. 
 
Intuitively, lower solution concentrations should show better cyclic voltammetric 
characterizations because lower current would result in less potential drop in the 
network. However, in our case, the cyclic voltammograms (figure 4.12) of lower 
concentrations showed limited voltammetric features because the double layer 
capacitance did not decrease much with lower concentrations.  
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Table 4.4. Experimental results based on figure 4.10. 
Concentration / mM ipa / µA E1/2 / V ∆Ep / mV 
10 37.0 0.272 163 
5 21.3 0.233 132 
2 7.73  0.242 121 
1 0.80 0.237 86 
 
The peak current increased linearly with concentration except for the 1 mM 
measurement, which indicated the detection limit. The decrease of E1/2 and ∆Ep means 
the kinetic was improved indeed due to less current drop in the electrode. 
 
4.3.5. The Effect of Resistance on a Glassy Carbon Electrode 
 
Our previous studies indicated that resistance in the conducting pathways of 
composite electrodes greatly changed their electrochemical behaviours. It is obvious to 
investigate the effects of resistance on a pure electrode. This phenomenon was explored 
by adding series resistors (from a few hundred ohm to a few mega ohm) between a 
glassy carbon electrode (4 mm, CH Instruments) and the potentiostat for cyclic 
voltammetry measurements. Experiments showed a linear increase of E1/2 versus 
resistance and a linear decrease of ip versus the logarithm of resistance (figure 4.12). 
These experiments modelled the effects of different resistance in each conducting 
pathway.  
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Fig. 4.12. Cyclic voltammograms of a glassy carbon electrodes (4 mm) with different series 
resistances at 100 mV s
-1
 in 10 mM Ru(NH3)6Cl3 in 1 M aqueous KCl. 
 
4.3.6. A. C. Impedance 
 
The a. c. impedance experiments in Ru(NH3)6Cl3 in aqueous KCl did not show a 
clear shape of semicircle. The glassy carbon – epoxy composite electrodes did show 
typical a. c. impedance figures in perchloric acid. The shape and size of the semicircle 
depends on the initial potential of the experiment.  
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Fig. 4.13. A. C. Impedance data of a glassy carbon – epoxy composite electrode (60:40, 2 mm thick, 
4 mm in diameter) in 0.1 M HClO4 at different initial potential. 
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Fig. 4.14. A. C. Impedance data of a glassy carbon – epoxy composite electrode (60:40, 2 mm thick, 
4 mm in diameter) in 0.1 M HClO4 at - 0.35 V. 
 
Figure 4.14 showed the a. c. impedance of this electrode at -0.35 V. By analysing the 
data, we have Rct of 270 Ω and Cd of 98.23 µF or 781.6 µF cm
-2
 (geometric area of the 
electrode was used). The high value of double layer capacitance indicated a rough 
surface.  
 
Further experiments were performed in the presence of both redox couples in the 
solution. Equal concentrations of potassium ferricyanide and potassium ferrocyanide in 
aqueous KCl was used similar to previous cyclic voltammetry study. As the 
concentrations decreases, the kinetic control part of the impedance (semicircle) became 
less recognizable. 
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Fig. 4.15. A. C. Impedance data of a glassy carbon – epoxy composite electrode (60:40, 0.5 mm) at 
E1/2 in equal concentrations of 10 mM K3Fe(CN)6 and 10 mM K4Fe(CN)6 in 1 M aqueous KCl. 
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Fig. 4.16. A. C. Impedance data of a glassy carbon – epoxy composite electrode (60:40, 0.5 mm) at 
E1/2 in equal concentrations of 5 mM K3Fe(CN)6 and 5 mM K4Fe(CN)6 in 1 M aqueous KCl. 
 
500
400
300
200
100
0
-Z
'' 
/ 
o
h
m
2000150010005000
Z' / ohm  
Fig. 4.17. A. C. Impedance data of a glassy carbon – epoxy composite electrode (60:40, 0.5 mm) at 
E1/2 in equal concentrations of 2 mM K3Fe(CN)6 and 2 mM K4Fe(CN)6 in 1 M aqueous KCl. 
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Fig. 4.18. A. C. Impedance data of a glassy carbon – epoxy composite electrode (60:40, 0.5 mm) at 
E1/2 in equal concentrations of 1 mM K3Fe(CN)6 and 1 mM K4Fe(CN)6 in 1 M aqueous KCl. 
 
A small tail before the semicircle could be found in all these experiments, which 
indicating there was corrosion of the epoxy at high frequencies. [197] [198] 
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Table 4.5. Experimental results based on figure 4.15 to figure 4.18. 
C / mM ∆EP / mV RΩ / Ω Rct / Ω Cd / µF Cd / µF cm
-2
 * k
0
 / cm s
-1
 * 
10 163 223 392 0.152 1.20 5.32 × 10
-4
 
5 132 158 353 0.235 1.87 1.18 × 10
-3
 
2 119 204 987 0.425 3.38 1.06 × 10
-3
 
1 83 190 2027 0.688 5.48 1.03 × 10
-3
 
* The geometric areas (0.126 cm
-2
) of the electrodes were used since the active areas were unknown. 
 
Several parameters were calculated from the above figures (∆EP was obtained from 
pervious cyclic voltammetry study). As concentrations decreased, ∆EP decreased 
because the potential drop in the electrode became smaller; RΩ did not change; Rct and 
Cd both increased. Because the geometric areas of the electrodes were used instead of 
the activated areas, the real values of Cd would be bigger. The value of k
0
 doubled when 
the concentrations decreased from 10 mM to 5 mM and then remained the same when 
the concentration dropped to 2 mM and 1 mM. The reason for the change is not clear, 
but the general values of k
0
 agree with previous works of polished glassy carbon, 10
-3
 
cm s
-1
 [51] [110]. 
 
4.3.7. Rotating Disk Electrode (RDE) 
 
Some rotating disc glassy carbon – epoxy composite electrodes were fabricated. But 
before the testing, we used a glassy carbon rotating disc electrode with resistance to 
characterise the effects of resistance on RDE.  
 
The diffusion limited current il increased with rotating speed as expected. But E1/2 
was shifted to more negative potentials while the (E3/4 – E1/4) also increased. When the 
glassy carbon – epoxy composite electrodes were used in the RDE experiments, the E1/2 
shifted further negative which make it difficult to observe the full range of the cyclic 
voltammetry.   
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Fig. 4.19. Cyclic voltammograms of a rotating disc glassy carbon electrode (4 mm) with 1 kΩ 
resistance at 100 mV s
-1
 in 10 mM Ru(NH3)6Cl3 in 1 M aqueous KCl. 
 
Table 4.6. Experimental results based on figure 4.19. 
Rotating Speed / rpm ipc (il) / mA E1/2 / V (E3/4 – E1/4) / mV 
0 - 0.228 - 0.268 227 
100 - 0.345 - 0.299 230  
400 - 0.586 - 0.429 351 
900 - 0.838 - 0.552 478 
1600 - 1.152 - 0.713 641 
 
Table 4.6. showed the shift of E1/2 and increased (E3/4 – E1/4). The stretch of the 
voltammograms could be observed from figure 4.19. 
 
The scan rate was also important to the above system containing resistance. At higher 
scan rates, the current increased and the potential drop on the electrodes increased as 
well, which made ∆Ep became bigger. So a slow scan rate in these experiments was 
preferred.  
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Fig. 4.20. Cyclic voltammograms of a glassy carbon electrode (4 mm) with 1 kΩ resistance at 
different scan rates in 10 mM Ru(NH3)6Cl3 in 1 M aqueous KCl. 
 
 
4.4. Imaging 
 
4.4.1. SEM 
 
Different ratio of glassy carbon – epoxy composite electrodes were examined under a 
microscope. From these photos, we can see that the size and the exposed area of the 
glassy carbon spherical powders vary significantly.  
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Fig. 4.21.  Microscopic (Zeiss) view of a 100 µm thick slice of a 55:45 glassy carbon – epoxy 
composite electrode (a) surface view and (b) whole structure view. 
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Fig. 4.22. Microscopic (Zeiss) view of a 100 µm thick slice of a 40:60 glassy carbon – epoxy 
composite electrode (a) surface view and (b) whole structure view. 
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In order to check the active/conducting surface area of these electrodes, silver 
deposition and SEM was used as conducted with previous experiments on carbon fibre 
array electrodes. But in the glassy carbon – epoxy composite electrodes, the variations 
between different conducting pathways were much bigger then they were in carbon 
fibre array electrodes. So when the deposition potential got bigger, there was always 
more glassy carbon spherical powders became conducting and would have a silver 
layer grow on the surface.  
 
The experimental settings of silver deposition were the same as previous experiments 
on carbon fibre array electrodes, with the only changes of 15 V deposition potential and 
10 s deposition time. 
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Fig. 4.23. SEM images of a 0.5 mm thick 60:40 acidic pretreated glassy carbon – epoxy composite 
electrode after silver deposition. 
 
As shown in figure 4.23, most of the glassy carbon spherical powders on the 
electrode surface were deposited with silver. That means at this ratio, which is close to 
the densities random packing ratio achievable by experimental fabrication, most of the 
powders were connected to the other side of the electrode through different pathways. 
The difference would come from the length of the pathways and the number of 
pathways connecting to each spherical powder, similar to the schemes shown in figure 
4.24. 
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Fig. 4.24. The distribution of resistors to different conducting paths in a composite material 
electrode. 
 
Similar to 30 µm carbon fibres, the silver layer only grew on the edge and some other 
nuclear sites instead of merging and covering the surface completely. But we can still 
see that some powders have more nuclear sites and larger silver layer than others, 
indicating the difference between each conducting pathways.  
 
4.4.2. Fourier Transform Infrared Spectrometer (FTIR) 
 
The glassy carbon – epoxy composite electrodes were examined under an infrared 
scope (Bruker, IRscope II) with objective (GE, ATR Objective) in the laboratory of 
Prof. Sergei Kazarian and Dr. Feng Tay. 
 
Since carbon did not produce a measurable IR band, total adsorption in the spectrum 
from the materials was compared to the matrix. The colour intensity was obtained by 
integrating the spectrum at each point. Amount of the glassy carbon spherical powders 
detected on the surface of the electrodes can be observed by the intensity of the 
absorbance. Having surface functional groups would increase the intensity. The images 
are generated by integrating the whole IR spectrum from 3797 to 995 cm
-1
.
 
The glassy 
carbon spherical powders absorbed very strongly, and thus they were indicated in the 
red region in the images. The epoxy resin absorbed less and they were indicated in the 
blue region. The size of imaged area is 63 × 63 µm. 
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Four samples were examined, all of them are 0.5 mm thick; two of them are at ratio 
60:40 and other two are of 50:50; two of them were pretreated with acid and the other 
two were pretreated with reducing agent. 
 
 
 
 
Fig. 4.25. IR scope images of an acidic pretreated 60:40 glassy carbon – epoxy composite electrode. 
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Fig. 4.26. IR scope images of a reducing agent pretreated 60:40 glassy carbon – epoxy composite 
electrode. 
 
Comparing the reducing agent pretreated electrodes (figure 4.26) with the acidic 
pretreated electrodes (figure 4.25), we could see although they both have many glassy 
carbon spherical powders, the red regions on the electrode with acidic pretreatment 
were much intense. Considering the carbon bound would give similar amount of 
adsorption, it means the acidic pretreated electrodes must have more functional groups, 
which confirmed our results from cyclic voltammetry and titration experiments. 
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Fig. 4.27. IR scope images of an acidic pretreated 50:50 glassy carbon – epoxy composite electrode. 
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Fig. 4.28.  IR scope images of a reducing agent pretreated 50:50 glassy carbon – epoxy composite 
electrode. 
 
The electrodes with lower carbon ratio showed less carbon powder on the electrodes 
surface. Similarly, the acidic pretreated electrode showed darker red region indicating 
more surface functional groups. 
 
 
4.5. Glassy Carbon – Glass Beads – Epoxy Composite Electrodes  
 
4.5.1. Cyclic Voltammetry 
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 The acidic pretreated glassy carbon – epoxy electrodes showed much bigger 
voltammetric current than reducing agent pretreated ones. If we want to construct the 
electrode similar to microelectrode arrays, it is necessary to lower the ratio of glassy 
carbon powders. But when the ratio of epoxy resin increases, many glassy carbon 
powders could be covered by epoxy and the current response from voltammetry 
decreased sharply.  
  
Larger size glass beads (50 µm, Richard Baker Harrison Ltd.) were mixed with glassy 
carbon powders and epoxy. Since the glass beads are 15 to 125 times bigger (in volume) 
than the glassy carbon powders, the powders would fall in the gaps between the glass 
beads to form conducting pathways. The ratio of epoxy in these glassy carbon – glass 
beads – epoxy electrodes (50:15:35, w %) was kept low to provide better electric 
connections. 
 
 The fabrication procedures were similar to those of glassy carbon – epoxy electrodes. 
The thickness of the electrodes varies from 0.5 mm, 1 mm to 2 mm. 
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Fig. 4.29. Cyclic voltammograms of a glassy carbon – glass beads – epoxy composite electrode 
(50:15:35, 0.5 mm) at different scan rate in 10 mM Ru(NH3)6Cl3 in 1 M aqueous KCl. 
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Table 4.7. Experimental results based on figure 4.29. 
v / mV s
-1
 ipc (il) / µA E1/2 / V ∆Ep (E3/4 – E1/4) / mV 
10 - 38.0 - 0.285 528 
100 - 66.6 - 0.372 254 
1000 - 98.2 - 0.409 371 
 
The voltammetric features of a 0.5 mm glassy carbon – glass beads – epoxy electrode 
were similar to those of an acidic pretreated 0.5 mm glassy carbon – epoxy electrode 
(figure 4.8). At higher scan rates, the peak/limited current increased; but the kinetics 
became slower. 
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Fig. 4.30. Cyclic voltammograms of a glassy carbon – glass beads – epoxy composite electrode 
(50:15:35, 0.5mm) at different scan rate in 10 mM Ru(NH3)6Cl3 in 1 M aqueous KCl. 
 
Table 4.8. Experimental results based on figure 4.30. 
Thickness / mm ipc / µA E1/2 / V ∆Ep / mV 
0.5 - 38.0 - 0.285 528 
1 - 35.3 - 0.378 799 
2 - 36.4 - 0.422 894 
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 Increasing the thickness of the electrodes had similar effects on their kinetics; but the 
peak currents were rather stable, which is completely different from glassy carbon – 
epoxy electrodes that lost their current almost completely at 2 mm. This suggested that 
the conducting pathways formed in these electrodes were through the gaps of glass 
beads and very stable though a rather long distance, as expected. 
 
4.5.2. A. C. Impedance 
The same electrodes were tested using a. c. impedance technique in equal 
concentrations of 10 mM K3Fe(CN)6 and 10 mM K4Fe(CN)6 in 1 M aqueous KCl. 
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Fig. 4.31. A. C. Impedance data of a glassy carbon – glass beads – epoxy composite electrode 
(50:15:35) at E1/2 in equal concentrations of 10 mM K3Fe(CN)6 and 10 mM K4Fe(CN)6 in 1 M 
aqueous KCl. 
 
Table 4.9. Experimental results based on figure 4.31. 
Electrode Thickness / mm RΩ / kΩ Rct / kΩ Cd / µF cm
-2
 * 
0.5 3.12 1.18 0.19 
1 9.74 1.37 0.19 
2 12.6 0.78 0.63 
* The geometric areas (0.126 cm
-2
) of the electrodes were used since the active areas were unknown. 
 
Interestingly, the biggest change in these impedance graphs was RΩ. But it was not 
only solution resistance, since the resistance of the electrodes were also counted in. We 
can see that as the length of these conducting pathways increased, the resistance in the 
pathways increased significantly, although their voltammetric features did not change 
that much.  
 
Chapter 4. Glassy Carbon – Epoxy Composite Electrodes 
167 
 
4.6. Conclusion 
 
The study of glassy carbon – epoxy electrodes was consistent with our numerical 
simulation on composite electrodes, which suggest that the assumptions in the model 
were reasonable. The voltammograms of such electrodes have the similar shape with 
our numerical model and carbon fibre array electrodes. Different pretreatments of the 
glassy carbon powders proved to change the electrochemical behaviour of the 
electrodes by changing the density of surface functional groups. The glassy carbon – 
glass beads – epoxy electrodes had similar electrochemical properties as glassy carbon 
– epoxy electrodes, but they had better conductivity over longer distance due to 
different formation of conducting pathways. 
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Chapter 5. Conclusion 
 
 
 
Life is like playing a violin in public and learning the instrument as one goes on. - 
Samuel Butler  
 
 
 
 In this thesis, we have systemically investigated the electrochemical behaviour of 
conducting composite electrodes when large inner resistances exist. 
 
 Our numerical model used an array of microelectrodes implanted with different 
resistances in each of them. The effects of inner resistance combined with diffusion 
layer overlapping were studied using several electrodes configurations. Results showed 
that the electrodes with large resistance have a shift in half-wave potential. The overall 
voltammetry response had its half-wave potential shifted as well as a sloping diffusion 
limited current. The amount of the shift and the slop of the diffusion limited current 
depended on the resistances, the number of electrodes and the distance between them. 
The interference between the electrodes became more significant when the electrodes 
were closer, or when the scan rate was slower. When the electrodes were close to each 
other, the kinetics of the well conducting electrodes became sluggish, and the less 
conducting electrodes had their kinetics improved. At extreme cases where one of the 
electrodes had a very large resistance, it could work as a counter electrode in a specific 
potential window.  
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A percolation model was built to study the conducting pathways. Although this 
model was not very precise in the way of forming conducting pathways, it was 
successful in explaining the effects of the ratio of conducting material and the thickness 
of the electrode. 
 
   Some physical models were built to study the topic. Carbon fibre array electrodes 
were studied because they have dispersed interface and finite resistance. The 
voltammograms of isolated carbon fibre array electrodes had similar shapes as those of 
a single microelectrode, while accumulated carbon fibre array electrodes had a sloping 
diffusion limited current as we predicted in our numerical model. The kinetics of these 
electrodes were studied using a. c. impedance technique. The results were consistent 
with our numerical model on electrodes interferences. Regularity study on these 
electrodes were done using Ripley’s K function/L funcition. SEM with silver 
deposition on the electrodes provided us a microscopic view of the electrodes. We 
observed the differences between the carbon fibres on their sizes and nucleation sites: 
the actual diameters of these fibres were generally larger than the description; and it 
seemed smaller carbon fibres were easier to obtain uniformed coatings than large 
carbon fibres. 
 
Gold fibre array electrodes are similar to carbon fibre array electrodes providing the 
only difference of no internal resistance. Results show steady diffusion limited currents 
which indicating the slop is caused by internal resistances.  
 
Glassy carbon – epoxy composite electrodes were built because they provide 
dispersed interface and internal resistance. Their voltammograms had shifted half-wave 
potential and sloping diffusion limited current similar to our numerical results. The 
kinetics of these electrodes deteriorated with decreasing composite ratio or increasing 
electrodes’ thickness. Different pretreatments of the glassy carbon powders were 
compared. Voltammograms indicating the density of surface functional groups increase 
after pretreated with sodium cyanoborohydride. Pretreatment with nitric acid provides 
even more functional groups. The infrared spectrometer experiments confirm the 
voltammograms results. The SEM images of silver coated glassy carbon – epoxy 
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electrodes showed the nucleation sites of glassy carbon powders. More silver were 
deposited on the edges due to their high flux density. 
 
Glassy carbon – glass beads – epoxy composite electrodes are investigated for 
comparison. Such electrodes have similar electrochemical properties as glassy carbon – 
epoxy electrodes, but they provide stable conducting pathways over a relative long 
distance due to different pathways formation. 
 
In the future, this work could continue on other conducting materials such as gold 
micro-particles, which could provide better conductivity and less sensitive to surface 
pretreatment. The introducing of glass beads provides more possibilities to control the 
conducting pathways formation. Other imaging technique such as C-AFM and SECM 
would provide more details about the composite electrodes on their resistances and 
resistance distributions, which can be modelled and verified quantitatively. Gold 
deposition on carbon fibres could provide better coating since it can provide more 
nucleation sites. 
 
In the end, we hope this work can contribute to the works of other scientists by 
providing some fundamental understanding of composite material electrodes. 
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